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ABSTRACT
Major Holocene environmental changes in continental Southeast Asia are 
reconstructed using proxy data derived from analysis of 14C-dated changes in pollen, 
microscopic charcoal, and organic/inorganic carbon in sediment cores taken from 
permanent, closed-basin, volcanic lakes in Ratanakiri Province, northeastern Cambodia. 
Analysis focuses on the history of monsoon climate and land use, inferred from changes 
in vegetation, fire regime, and lake conditions. These data provide the first well dated 
palynological record, covering most of the Holocene and continuous up to the present, 
from an upland site in mainland Southeast Asia.
The record from a 15-meter core retrieved from Yeak Kara Lake, representing 
the last 9300 years, shows that the Late Glacial period ended about 8500 BP, more than 
1000 years later than sites in southwest China. Maximum summer monsoon intensity 
occurred ca. 8000-5400 BP, similar to most other sites in the Asian monsoon region. A 
subsequent increase in burning caused expansion of secondary forests at the expense of 
dense semi-evergreen forests. After ca. 3500 BP fire frequency may have increased 
further, leading to expansion of dry deciduous forests. From ca. 2500 BP up to the 
present, dense forest has recovered in a mosaic with annually-bumed dry forest, due 
either to a Late Holocene strengthening of the monsoon or to more pervasive control of 
the fire regime by indigenous populations. The pattern of burning for the last 2500 years, 
corroborated by charcoal records from two other nearby lakes, shows lowest burning 
intensity perhaps coinciding with the development and demise of major civilizations 
(Funan, Chenla, Angkor) in the region.
xi
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CHAPTER 1. INTRODUCTION
Earth composes her own history in many languages, and humans, newcomers 
here, are only beginning to understand a few of them. Science, among other traditions, 
offers some recondite methods for translating natural histories into written words. One 
such method prompted an effort involving the coordination of a fairly eclectic 
assemblage of participants including Khmer foresters, Tampuen elders, Asian elephants, 
and an American geographer, using an equally eclectic assemblage of tools and materials 
including, but not limited to, mud, rubber boats, plastic pipes, smoking liquids, ground 
glass, many little binary switches, and much paper. This unlikely combination of tool 
users and their tools has allowed the conjuring of a written history of natural changes in 
an area of the world where all such records had previously lain archived, in their original 
language, in the silent depths of small, formerly eruptive, lakes.
This dissertation describes inferred changes in vegetation, climate and other 
environmental parameters over the past 9300 years in northeastern Cambodia. Analysis 
focuses on how changes in local and regional vegetation reflect significant variation in 
the Asian monsoon regime over the Holocene. The analysis also considers how the 
inferred regional and local fire regimes reflect changes in both climate and human land 
use. The unifying perspective in these research foci is a need to understand major 
ecological processes driving landscape evolution.
Following a proven tradition in paleoecological research, past environmental 
conditions are reconstructed here through quantitative analysis of pollen, microscopic 
charcoal and physical characteristics of sediments from stable, permanent, closed-basin
1
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lakes. This study presents the first palynological record covering most of the Holocene, 
and continuous up to the present, from a terrestrial site in continental Southeast Asia. It 
is also one of very few records from lowland, non-coastal, tropical forests in Asia. The 
research is geographically significant for extending coverage of the Holocene 
paleoclimatic database to a new region, a region which is essential for the study of 
monsoon dynamics. It also explores the relationships among fire, climate and vegetation 
from the perspective that such a history may represent millennial-scale coevolution of 
humans and their forest habitats.
Following this introduction, Chapters 2 and 3 discuss existing literature 
pertaining to late Quaternary environmental history in monsoonal Asia. Chapter 2 
emphasizes physical data on monsoon dynamics, while Chapter 3 focuses on human 
impacts on vegetation. Chapter 4 describes the physical setting of the region and study 
area, with emphasis on geological evolution, climate, and vegetation, followed by a 
description of field and laboratory research methods. Chapter 5 presents results of village 
interviews concerning land use, and quantitative analysis of sediment characteristics, 
pollen, microscopic charcoal, and radiocarbon dating from cores taken during fieldwork 
in Cambodia. Chapter 6 is an interpretation of the interview and quantitative data, 
leading to an inferred summary history of major Holocene environmental changes in the 
study area. Chapter 7 concludes the dissertation by suggesting how the environmental 
history of the study area fits into the regional picture, and by suggesting needs and 
potential for future paleoecological research in the region. Appendices contain various 
lengthy tabular and graphic data on plant species present in the modem vegetation, and 
on fossil and reference pollen types.
2
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Working in a place previously undocumented in paleoecological literature has 
been rewarding, furnishing the quality of primary data necessary for the first 
reconstruction of recent environmental history in this region of rich natural and cultural 
diversity. However, there is an inherent disadvantage to exploratory work of this type, 
namely the near-total lack of previous research with which these findings can be 
compared or contrasted. Original data and their interpretation should be perused with 
that in mind, to emphasize that this initial project cannot provide a conclusive story.
What this dissertation does provide is a substantial framework for ongoing discussions of 
major ecological processes that shaped the evolution of landscape in mainland Southeast 
Asia. Hopefully, those discussions will spur further interest and research in the region, 
and will contribute to a better understanding of the processes directing environmental 
changes today.
3
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CHAPTER 2. LATE QUATERNARY ENVIRONMENTAL 
CHANGE IN THE ASIAN MONSOON REGION
2.1. INTRODUCTION
Monsoonal circulation in southern and eastern Asia is one of the most important 
links in global-scale atmospheric circulation. Physically, the Asian monsoon represents 
the largest south-north interhemispheric atmospheric exchange of energy. The monsoon 
also controls much of the natural resource base and agriculture for half of the population 
of the world. Despite its importance in global climate, past monsoon circulation is not 
understood well enough to permit accurate modeling of its role in global circulation. 
Although the Cooperative Holocene Mapping Project (COHMAP 1988) focuses on 
monsoon changes over the last 18,000 years, their proxy data from Asia used to confirm 
the model descriptions come only from a few sites in China and one site in India.
This chapter reviews terrestrial proxy records of late Pleistocene-Holocene 
climatic change from South and Southeast Asia, including monsoonal China, where the 
Asian monsoon is the dominant control on precipitation regime (Table 2.1; Fig. 2.1). 
Quality of the chronology is emphasized in discussing these studies, because the 
objective of this review is to clarify the pattern and timing of major changes in climate 
over the last 20,000 years, and to critically evaluate whether those changes confirm or 
contradict model predictions. Four time periods that have been used as major markers in 
describing the sequence of changes in monsoon regime provide the focus for the review. 
These are: 1) the Late Glacial period, including the Last Glacial Maximum (LGM); 2) 
the Pleistocene-Holocene climatic transition, usually a relatively abrupt change to more 
humid conditions that may signal a change to a stronger summer monsoon, ca. 10,000
4
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Table 2.1. Sites discussed in the text and plotted in Figure 1, with references to articles 
discussing original proxy data and interpretations.
Site Location References
1 Bay of Bengal Cullen 1981.
2,3 Eastern Arabian Sea (Malabar Coast) Van Campo 1986.
4 Eastern Arabian Sea Sarkaretal. 1990.
5 Nilgiri Hills, southwestern India Gupta 1971, 1990; Gupta and Prasad 1985; 
Sukumar et al. 1993.
6 Son and Belan Valleys, central India Williams and Royce 1982; 
Williams and Clarke 1984.
7 Northern Madhya Pradesh, central India Chauhan 1995.
8 Southern Uttar Pradesh, central India Gupta 1978;
9 Didwana Lake. Lunkaransar Lake. Rajasthan, 
western India
Singh et al. 1990; Enzel et al. 1999.
10 Naukuchhiya Tal. northern India Vishnu-Mittre et al. 1967; Rajagopalan et al. 1982.
11 Butapathri bog, Kashmir Dodiaetal. 1984.
12 Assam, northeastern India Bhattacharya and Chanda 1992.
13 Sumxi Co. Bangong Co, western Tibet Gasse et al. 1991; Van Campo and Gasse 1993; 
Van Campo et al. 1996; Gasse et al. 1996.
14 Dunde ice Cap. northern Qinghai. China Thompson et al. 1989; Liu et al. 1998.
15 Qinghai Lake, northern Qinghai. China Lister et al. 1991; Kelts et al. 1989; 
Du et al. 1989.
16 Baxie loess profile. Gansu. China Anet al. 1991.
17 Roergai marsh, eastern Qinghai, China Shenetal. 1996.
18 Dahaizi Lake Li and Liu 1988;
Lake Shayema, eastern Sichuan. China Jarvis 1993.
19 Xi Hu. northern Yunnan. China Lin et al. 1986.
20 Dianchi Lake, central Yunnan, China Sun et al. 1986.
21 Menghai. southern Yunnan. China Liuetal. 1986.
22a Ren Co, southern Tibet and Liuetal. 1996.
22b Hidden Lake, southern Tibet
23 Selingcuo, southern central Tibet Sunetal. 1993.
24 Jianghan Plain. Hubei. China Liu 1991.
25 Nanping Bog, Lichuan. Hubei. China Wang and Sun 1989; Gao 1988.
26 Tianyang basin. Guangdong, South China Lei and Zheng 1993.
27a Core SO50-31KL, South China Sea, and Huang etal 1997.
27b Toushe Lake, central Taiwan
28 Yom Valley, central Thailand Bishop and Godley 1994.
29 Lake Kumphawapi, northeastern Thailand Penny et al. 1996; 
Kealhofer and Penny 1998.
30 Yeak Kara Lake, northeastern Cambodia Maxwell 19%, 1999; 
Maxwell and Cohn 1997.
31 Toba highlands, Sumatra Maloney 1980.1981; Maloney and McCormac 
1995
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Figure 2.1. Map of monsoon Asia showing the locations of sites discussed in the text, and cited in Table 2.1. The cross-hatched 
area approximates the Tibet-Qinghai Plateau, delimited as a region above the 3000-meter elevation isoline.
years ago; 3) a Holocene precipitation maximum, here referred to as a “monsoon 
maximum” because of its probable connection to a more intense or extensive summer 
monsoon; and 4) subsequent drier conditions, in some cases similar to present-day 
conditions, which may indicate a weakening of the monsoon. In this review, discussion 
centers around changes in the strength of the summer monsoon, not the winter monsoon, 
so the monsoon maximum is a period of maximum precipitation, not necessarily a period 
of maximum seasonality (contrast between summer and winter conditions).
The Asian monsoon region covers part of Pakistan, almost all of India,
Bangldesh, Burma, Thailand, Laos, Cambodia, Vietnam, and much of central and 
southern China. Figure 2.2 shows the extent of this area, including an inland limit for 
penetration of summer monsoon precipitation, based on available data for Tibet, Qinghai, 
and points across central China. Some of the sites discussed, e.g., Didwana, Dunde, 
Qinghai Lake, should be particularly sensitive to changes in monsoon strength, due to 
their positions near the present-day limit of monsoon influence. Implicit in this model is 
the assumption that a stronger summer monsoon has in the past not only brought more 
rain per year to sites within the present monsoon region but also covered a larger area, 
pushing farther inland over the Tibet-Qinghai area.
Discussions of the monsoon in China usually distinguish a “southwest” or Indian 
monsoon vs. a “southeast” or East Asian monsoon. Some sources describe summer 
monsoon flow in southwest China as coming from the Indian Ocean, and this generally 
west-southwesterly flow continues across China, south o f26-28° N latitude (Winkler 
and Wang 1993; Ramage 1971). Chinese literature frequently refers to a southeast 
monsoon prevailing across southern China, with flow originating in the western Pacific
7
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Figure 2.2. July surface winds for monsoon Asia, and generalized inland limit of summer monsoon wind penetration. Arrow lengths 
approximate directional frequency (adapted from Ramage 1971; Hastenrath and Lamb 1979; Zhang and Lin 1985).
tropical easterlies. However, long term records of both marine and terrestrial July wind 
flow indicate that, although southwest China is dominated by southwesterly Indian 
monsoon flow, South China is dominated by southerly flow from the South China Sea, 
as a continuation of cross-equatorial flow from the eastern Indian Ocean and the Sunda 
Shelf region (Fig. 2.2; Hastenrath and Lamb 1979; Zhang and Lin 1985). Trewartha 
(1981: 211-213), citing Hsu (1958) and Murakami (1959) says that precipitation in 
South China originates in the Indian Ocean during June and early July, and in the China 
Sea during late July and August, after the break-up of the Meiyu front. This bi-modal 
precipitation pattern in China should be considered when attempting to piece together 
past regional monsoon dynamics.
This review begins by summarizing the results of pertinent modeling experiments, 
to establish a background on the global scale processes involved in monsoon circulation. 
Selected marine cores are then summarized to provide a late Quaternary chronology of 
changes in the upwind area for Asian summer monsoon winds. Reviews of terrestrial 
records then proceed geographically, starting in southwestern India, moving north to 
Tibet and Qinghai, through southwestern China, and, finally, to the few records available 
from Indochina and South China.
Ages referred to in discussions of the terrestrial sites are given in Carbon-14 
years before present (BP), or as thousands of C-14 years BP (ka), unless otherwise 
noted. In the conclusion, conversion of the relevant dates to calendar years BP (cal BP) 
is used to adapt the analysis to standard records used in model simulations and ocean 
oxygen-isotope chronologies. The distinction is significant, because C-14 dates are 
almost 2000 years younger than calendar ages at the Pleistocene-Holocene transition,
9
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and the difference is ca. 3000 years at the LGM. Calendar years before present may be 
calibrated C-14 dates (following Stuiver and Reimer 1993), deduced from ice core 
laminations, and/or 8180  variations reflecting the SPECMAP curve (Imbrie et al. 1984). 
Table 2.2 (in section 2.4.2) includes a rough conversion (in 1000 year increments) from 
C-14 ages to calendar years.
2.2. MODELS AND MARINE DATA
2.2.1. Atmospheric circulation models
Since the connection was described between changes in orbital parameters and 
the timing of glacial-interglacial periods (Hayes et al. 1976), various researchers have 
attempted to further clarify the role of solar radiation in long-term atmospheric 
circulation dynamics, and many efforts in that vein have concentrated on both regional 
and global factors affecting monsoon circulation (Clemens et al. 1991; Prell and 
Kutzbach 1987, 1992; deMenocal and Rind 1993). Kutzbach and Guetter (1986) present 
model runs later incorporated into COHMAP. The COHMAP models (1988) simulate 
temperature and precipitation change, every 3000 years between 18 ka and the present. 
Tests of the sensitivity of South and East Asian regional atmospheric circulation to 
changes in radiation are based on the hypothesis that the LGM should have been a period 
either of weak summer monsoons or of reduced extent of monsoon influence, because 
northern hemisphere summer solar radiation was significantly reduced relative to today’s 
values. Conversely, 9000 cal BP should have been a period of maximum monsoon 
intensity, because that is when the Milankovitch precessional and obliquity cycles in the 
Earth’s orbital variations (Milankovitch 1941; Hayes et al. 1976) brought maximum 
radiation seasonality (i.e., higher-than-present summer solar radiation and lower-than
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present winter solar radiation) to the northern hemisphere. The radiation extremes 
exaggerated the land-sea pressure gradient compared to today’s values, thus increasing 
monsoon intensity. The authors predict that the monsoon maximum, i.e. higher summer 
precipitation than present, prevailed in the eastern Eurasian sector over the period 12 ka 
to 6 ka. This generalization has been bome out by proxy data including African lake 
levels (Street and Grove 1979), and pollen records, mostly from Australasia and a few 
from China.
2.2.2. Indian Ocean Cores
Bay of Bengal Foraminifera assemblages (Cullen 1981; site 1 in Fig. 2.1) indicate 
that salinity in the northern Bay was higher than present at the LGM, which, in turn, 
indicates reduced runoff and river discharge (Ganges and Brahmaputra) because of 
reduced precipitation. Glacial termination (ca. 12.5 -10.5 ka) brought a surge in low 
salinity waters to the northern parts of the Bay, increasing the equatorward salinity 
gradient to steeper-than-modem values. This change indicates markedly increased 
precipitation resulting from a strengthened southwest monsoon. Chronology in this study 
comes from a standard ocean oxygen isotope record (Broecker and Van Donk 1970; 
Shackleton and Opdyke 1973), therefore the dates mentioned here are calendar years 
BP, not C-14 years. Duplessy (1982) uses a similar method for cores throughout the 
northern Indian Ocean and Arabian Sea, and the record of monsoon strengthening at 
Glacial termination confirms Cullen’s findings.
Van Campo (1986) presents two cores from the west coast of peninsular India 
(sites 2 and 3). Chronology again is determined by the oxygen-isotope changes, so the 
dates are in calendar years. Late Glacial monsoon strengthening came on gradually,
11
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
beginning as early as 16.5 ka at the southern site (site 3; Fig. 2.3), and culminating at 11 
ka. Van Campo’s isotope/pollen diagram shows levels of humid tropical pollen that are 
relatively high through the late Pleistocene. In the southern core there is actually a 
relative maximum in humid tropical pollen just after 16.5 ka. Even though this maximum 
may have been an artifact of synchronous low levels for Gramineae and mangrove taxa, 
still the data suggest that total influx of humid tropical taxa may have been fairly constant 
through the last 18,000 years, or at least not clearly reduced during the LGM.
A core from the southeastern Arabian Sea (Sarkar et ai. 1990; site 4), with 
Carbon-14 chronology, indicates that transport of low salinity water (runoff from inland 
areas) from the Madras coast to the study site was enhanced during the LGM. This is 
taken to indicate a relatively strong winter monsoon, because the Madras coast receives 
the bulk of its annual precipitation from the northeast monsoon. Salinity levels show a 
distinct trough (negative 5l80) at 18.5-18 ka (21 cal ka). However, maximum salinity 
values for the whole period (least input from Madras coast runoff) are found at 20 ka 
and 16 ka (ca. 23,000 and 19,000 cal BP, respectively), which implies a very tight 
temporal bracketing of the glacial maximum in that area.
2.2.3. Higher resolution studies
Three recent analyses of proxy data, with higher temporal resolution, have added 
significantly to an understanding of the Pleistocene-Holocene monsoon transition.
Sirocko et al. (1993), Overpeck et al. (1996) and Zonneveld et al. (1997) present well- 
dated cores from off the Arabian peninsula and the Somali coast (Fig. 2.4; off the 
western edge of the map in Fig. 2.1). Discreet steps in the transition from glacial to 
Holocene monsoon regime are identified and relatively precisely dated, using as proxies
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Figure 2.3. Selected climate indicators from southwestern India: ,sO P.D.B. from tests of 
Globigerina ruber, composite humid tropical pollen types, and composite mangrove pollen types, 
from core MD77194 (site 3; from Van Campo 1986).
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Figure 2.4. Generalized percentage occurrence of the foram Globigerina 
bulloides, an indicator of upwelling, in core RC27-23 from shelf off the coast of 
Oman (from Overpeck et al. 1996).
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8i80  values from Globigerina bulloides tests, dolomite content of dust, monsoon pollen 
indices, and relative abundances of upwelling-associated planktonic foraminifera and 
dinoflageilates. Although the findings are not as clear and precise as claimed in the 
articles, there is agreement on some major points (Overpeck et al. 1996; Fig. 2.4). The 
monsoon strengthened in a series of discrete steps, not gradually as had previously been 
proposed. The first post-glacial surge in monsoon strength occurred ca. 13.1-12.5 ka, 
the second surge at ca. 10-9.5 ka, and Sirocko et al. (1993) find a third surge at 8.8 ka 
(the article of Sirocco et al. actually discusses six stepped increases, but of these only the 
three discussed here are unambiguous, while the others either involve conflicting signals 
for 5l80  and dolomite, or simply a short-term oscillation in the S180  curve). These 
surges, particularly the latter two, were followed by a period of strong monsoons. The 
overall period of strengthened monsoon included some short-term oscillations, when 
relatively dry phases show up in all the records. One of these oscillations may coincide 
with the Younger Dryas event in the North Atlantic, i.e. ca. 11-10 ka. The monsoon 
gradually weakened at around 5.5 ka, although Sirocko et al. find this weakening phase 
earlier, beginning ca. 7.3 ka.
Overpeck et al. (1996) point out that solar radiation, putatively forcing the 
monsoon surge, did not simply peak at 9000 BP. Orbital models show that June radiation 
peaked at 11,300 cal BP, and July radiation peaked at 9800 cal BP. Vegetation response 
lagged these radiation peaks. However, although the article identifies a lag in monsoon 
response, the peak in monsoon-driven upwelling indicated in their cores actually 
coincides well with the June radiation peak at 11.3 ka. The lag is apparent in monsoon 
response for the July radiation peak. If August radiation peaked after another 1500
15
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years, at 8.3 ka, it would help in explaining the third surge mentioned by Sirocko et al 
(1993), and also support the claim that the gradually shifting radiation peak led to the 
gradual waning of the monsoon, but, unfortunately, the data on August radiation is not 
presented. The initial surge in monsoon strength, coincident with peak radiation, still 
requires factors other than insolation to explain its abruptness, which the authors 




Gupta (1990) reviews studies from the Western Ghats (site 5) describing change 
in the shola, a type of tropical montane forest, through time. Of the pollen studies 
reviewed, the two sites at Colgrain and at Kakathope in the Nilgiri Hills have coarse 
chronologies which cover the last 20,000 years. The Kakathope cores (Gupta 1971) 
have only two dates, at IS.4 ka and at 24.3 ka, and these come from separate cores 
which the author feels are directly comparable. Despite the sparse dating, however, there 
is clearly only a short dry period associated with the LGM, which occurred ca. 16-15 ka 
(19-18 k cal BP). Soon after that, an abrupt expansion in forest vegetation is indicated, 
which was the only period of significant forest cover for the sites. Forest extent at 
Kakathope decreased gradually after its late Pleistocene surge.
Gupta’s review (1990) contains a version of the Colgrain pollen diagram which 
represents a liberal interpretation of the pollen data, not the data themselves, and the 
interpretation, included with the original article in Gupta and Prasad (1985), is not 
clearly explained. The review diagram shows maximum forest extent at 14,475 BP,
16
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following a short non-arboreal phase around the LGM. The original data show very little 
change over the Pleistocene-Holocene transition other than a slight decrease in 
Gramineae and a re-establishment of Ligtistrum after a late Pleistocene hiatus, which 
indicate change to a wanner moister climate. Tree taxa only show significant values after 
7 ka. The extremely loose interpretation of the original data is puzzling, especially 
because no similar interpretation was applied to data from Kakathope. However, other 
data from the Nilgiris, plus Van Campo’s Malabar coast core (site 3; Van Campo 1986), 
partially support the interpretation of an early surge in forest vegetation.
Sukumar et al. (1993) present variations in core sediment 5l3C for six sites in the 
Nilgiris (including Kakathope and Colgrain), reflecting past alternations between forest 
cover (8i3C < -20 %a) and tropical grass cover (8l3C > -20 %o)(Fig. 2.5). A clearly arid 
period, with grass dominating, occurred between 20 ka and 16 ka, followed by an abrupt 
change to a wetter period by 14 ka. Peak forest extent is inferred to have occurred at ca. 
11 ka. The lowest observed isotope value comes from Kakathope at 10.5 ka, but the 
lowest value from Colgrain occurs at ca. 14.5 ka. By just after 8000 BP sites were 
becoming relatively arid, and peak aridity is inferred to have occurred between ca. 5 and 
3 ka. After this time the record is erratic but showed generally more humid conditions.
Data from the Nilgiris indicate two main points concerning late 
Pleistocene/Holocene climate: 1) the period of aridity associated with the LGM was of 
short duration, only about 2000-3000 years. However, the timing of the peak is not the 
same in all the records, varying between 20 ka for the Nanjanad site (Sukumar et al. 
1993) to 15.5 ka at Kakathope; and 2) the period of maximum available moisture fell
17
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Figure 2.5. 8I3C in peat profiles from the Nilgiri Hills, southern 
India (site 5; from Sukumar et al. 1993).
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mostly before the Holocene, from 14.5 ka at Colgrain to ca. 10.5 ka for the Kakathope 
8l3C signal, and Kakathope pollen indicates an even earlier surge in forest cover.
Finally, the pollen and 8ljC data indicating minimal forest cover during the 
Holocene may reflect human impacts, rather than climate change. The data from 
individual cultural indicators (large grass pollen, charcoal) are not conclusive, but the 
overall pattern of vegetation change may reflect long-term, persistent forest suppression. 
Gupta and Prasad (1985) mention archeological evidence which suggests that indigenous 
peoples have been active there throughout the Holocene.
2.3.2. Central India
Williams and Clarke (1984) and Williams and Royce (1982) present 
geomorphological and sedimentological data on the Son and Belan Rivers in Madhya 
Pradesh which indicate past changes in discharge and channel morphology (site 6). 
During the LGM, which in this study is taken to extend from ca. 25 ka to 17 ka, the 
channel was braided, less sinuous and aggraded primarily by bedload deposition. This 
suggests dry conditions in the region, with precipitation more episodic than during a 
normal monsoon regime. There was also significant loess deposition in the Son and 
Belan Valleys during that period, implying a strong winter monsoon bringing dust from 
the plain of the Ganges and the'foothills of the Himalayas. By 10 ka the channel first 
began depositing finer-grained sediments, then became more narrow and sinuous, 
incising into the late Pleistocene deposits. During that period the floodplains were 
subject to intermittent suspended load deposition. Regional conditions were more humid, 
evidenced by the reduced sediment load. The river bed incision indicates relatively high 
discharge with low sediment load. The transition from bedload deposition to suspended
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load and channel incision dates to 13-10 ka. A final period of aggradation of clays and 
loams, which may have signaled a precipitation maximum or more strongly seasonal 
climate, fell around 4.5 ka-3 ka in both valleys.
The Late Glacial sediments contain sporadic Upper Paleolithic artifacts only at 
ca.18 ka and at 26 ka levels, and this is taken to indicate very sparse settlement along the 
river during the intervening period. Fossil animal bones are numerous, suggesting 
regional savanna woodland inhabited by deer, buffalo, elephant, and, at occasional deep 
pools along the river, hippopotamus, crocodile and turtle. Epi-paleolithic and mesolithic 
artifacts are numerous near the base of the Holocene fine sediments and at higher levels 
deposited during the period of river aggradation dated to 4.5-3 ka. Neolithic materials 
from the latter period indicate farming at least 4000 years ago in these valleys (Williams 
and Clarke 1984).
Chauhan (1995) analyzes Holocene soil profiles from three sites in northeastern 
Madhya Pradesh (site 7), to help elucidate the evolution of sal forests (dry deciduous 
forest dominated by Shorea obtusa) in that area. There are only two stratigraphically 
clustered dates per profile, and the pollen, lithology and setting suggests the possibility 
of depositional hiatuses. However, it is worth noting that three samples from one site, 
dated to ca. 8700 BP, contain no tree pollen, being dominated by trilete pteridophyte 
spores. The top samples from this same site contained abundant pollen from the modem 
forest dominants (Shorea, Terminatia, Anogeissus) as do samples from another site 
dated to 1000 BP. The third site shows sporadic tree pollen present at ca. 7000-5000 
BP. Although it is possible that these pollen records reflect very localized conditions 
(swamp succeeding to dry forest) there is also a suggestion that early Holocene climate
20
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
could not support forests in this area. Gramineae pollen are present throughout the 
cores, which could indicate savanna, but Cyperaceae values (indicating wetlands?) 
roughly follow those of Gramineae. Sedge pollen achieves its peak value concurrent with 
the rise in tree pollen ca. 1000 years ago.
Gupta (1978) presents a pollen diagram from an ox-bow lake in the Ganga 
Valley, southeastern Uttar Pradesh (site 8). Again, interpretation is limited by inadequate 
chronology. One date o f4380 BP in the lower half of the core gives no suggestion of the 
sedimentation rate. Chenopodiaceae are relatively abundant at levels between the dated 
sample and the base of the core, so the mid-Holocene in this region may have been fairly 
dry, definitely drier than after 4000 BP, when grasses, trees, shrubs and wetland pollen 
types dominate.
Attempting to pull together the records from Central India presents some 
difficulties, but the Son Valley record is used in Table 2.2 as some indication of change 
within the region, because its sequence is the longest and most clearly dated. Overbank 
flooding of fine-grain sediments in the immediate postglacial period, dated to ca. 10 ka, 
indicates denser vegetation cover and a wetter climate than during the Glacial period. 
This floodplain accretion continued probably only for a thousand years, after which there 
was major downcutting through Pleistocene sediments by a high-energy, low sediment- 
yield flow. A major question arises as to whether the final stage of floodplain accretion 
by fine sediments, dated to 4.5-3 ka, also represents increased regional precipitation as it 
does in the Early Holocene. Arguments can be made for its representing either increased 
or decreased flow relative to the Early Holocene downcutting stage. If the downcutting 
stage represents maximum Holocene flow, then the Son Valley record would fit into the
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monsoon regional pattern more neatly. However, other records from Central and 
Northern India, although neither complete nor dated precisely, all imply that the 
monsoon maximum occurred late in central India, roughly 6000-1000 BP (Chauhan 
1995; Gupta 1978; Vishnu-Mittre et al. 1967). If that is true, the late accretionary stage 
in the Son Valley could reflect the monsoon maximum, or a second stage in a double 
peak of monsoon strength.
2.3.3. Northwestern India
Singh et al. (1990) analyze a core from Lake Didwana in Rajasthan (site 9). The 
oldest date for the core is 12.8 ka, so a time of peak LGM dryness cannot be identified. 
However, older sections of the core show arid steppe vegetation (Aerva, Ephedra, 
Gramineae, and, late in the period, Artemisia) dominant for the Late Glacial. 
Chenopodiaceae and Calligonum peak in the section dated 12.8-9.4 ka, while all other 
taxa are reduced. The authors interpret this as a change in lake conditions with higher 
precipitation, i.e. the rise in Chenopodiaceae reflects an increase in saline lake margin 
habitat as the lake initially expanded. The decrease in other taxa is taken as “essentially 
statistical,” so it would be useful here to see a concentration diagram to assess individual 
variations in Gramineae and Artemisia. After 9.4 ka there was a period of strongly 
fluctuating lake levels, followed by the establishment of savanna grassland in the basin, 
along with deep freshwater in the lake. The wettest period was ca. 7.5-4 ka, after which 
the lake dried out and conditions did not support pollen preservation.
New data have recently become available from the same area. Enzel et al. (1999) 
discuss sedimentological changes in a core from Lake Lunkaransar, a site previously 
researched by Singh et al. (1972) and Bryson and Swain (1981). A higher resolution
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chronology now puts the precipitation maximum between 6300 and 4800 BP. Two 
points about the new chronology are important. First, Enzel et al. suggest that the 
period of maximum precipitation is not reflecting the period of strongest southwest 
monsoons. They attribute the Holocene precipitation maximum to a shift to predominant 
winter rains, which was also found by Bryson and Swain (1981). One problem with this 
interpretation is that it involves using present-day monsoon precipitation (insufficient to 
support a permanent lake) as the analogue for previous periods of non-maximum 
precipitation, which is not really an evaluation of whether the precipitation maximum 
could be attributed to an intensified monsoon. Second, Enzel et al. (1999) find the major 
percipitation decrease occurring about 1000 yrs. earlier than noted in previous studies, 
putting that change well before the rise of the Indus/Harappan civilization. This latter 
point is discussed in the next chapter, in the context of human-environment interactions.
2.3.4. Northern India
Naukuchhiya Tal in Kumaon Himalaya, is discussed by Vishnu-Mittre et al.
(1967; site 10), although its chronology is published separately (Rajagopalan et al.
1982). At this site, the landscape was dominated by pine forest at 7570 BP, but by 5800 
BP pine had given way to a more mixed oak forest assemblage. The oak forest remained 
at fairly constant levels up until the present day, with only a slight cooling evident at ca. 
1000 BP. The curve for Pim s in this record implies that the early Holocene was a time 
of neither maximum moisture availability nor maximum temperature. Although the 
inferred changes in vegetation are subtle, the shift from a conifer-dominated assemblage 
to a broadleaf-dominated one at ca. 6000 BP indicates that the Holocene rise in 
precipitation and temperature came comparatively late at this site.
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More than 10 sites have been studied along the southern flank of the Himalayas, 
stretching from Ladakh in the northwest to Sikkim and Assam (Sharma 1992, 1993), 
but only the study cited above from Naukuchhiya Tal has a record of useful length and 
adequate quality chronology. A later study of Naukuchhiya Tal (Kotlia et al. 1997) has 
produced a record of limited usefulness, due to low pollen concentrations and vague 
dating. Studies from Ladakh and the Kathmandu Valley (Bhattacharyya 1989; Vishnu- 
Mittre and Sharma 1984) seem to be plagued by old carbon contamination due to 
limestone in the sample areas’ drainages, sediment mixing in fluvial setings, and/or 
sediment inversion induced by tectonic activity.
A baffling set of data is presented by Dodia et al. (1984), from two cores at 
Butapathri bog in Kashmir (site 11). One of the cores, with five radiocarbon dates, 
shows the genera Pinus, Abies, and Picea increasing in importance both ca. 17 ka, and 
more so ca. 9.2 ka, thus indicating at both times an increase in forest vegetation, 
presumably due to a change to warmer and/or moister climate. The only indication that 
the early Holocene may have been wetter than the Late Glacial is the loss of Artemisia, a 
shrub-steppe indicator, ca. 9000 BP, although it is high at the LGM and after 2200 BP. 
Samples low in the section dated to 17 ka show relatively high values for Gramineae and 
Artemisia, indicating cold and dry conditions, but the same period also contains high 
values for temperate broadleaf Carpimts and Corylus. Whatever the interpretation given 
for individual taxa, core 1 reflectes the same trend (increasing conifer pollen) at both 17 
ka and at 9.2 ka, but this trend is not consistent with any other record from the monsoon 
region, unless the 9.2 ka section reflects a Younger Dryas-type reversal. The second core 
from Butapathri, taken from a site one km away from core 1, has only one date, near the
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base, of 10,950 BP. If we interpolate ages going up-core, assuming present-day 
sediments at the top, this core shows the familiar pattern of a cold and dry Late Glacial 
changing at ca. 10,000 BP to warmer and wetter conditions (no Younger Dryas-age 
reversal), which culminated ca. 4500 BP in expansion of Jugians, Gramineae, and 
Corylus. Above that, the inferred vegetation reflects cooler and drier conditions up to 
the present day. Although this interpretation is logical, the assumption of a constant 
sedimentation rate through the Holocene is risky, especially given the lithological 
changes in the core. Finding a clear climatic signal from Butapathri bog is confounded 1) 
by inconsistency between the two records for the Pleistocene-Holocene transition, and 2) 
by the fact that the record with five C-14 dates is still unclear chronologically because of 
depositional hiatuses and because the material used for dating was taken from relatively 
long sections (as much as 50 cm) of the length of the 280-cm core.
Finally, brief mention is made of a study from Assam (Bhattacharya and Chanda 
1992; site 11). Pollen results from a 2.6 m section of peat and organic clay exposed in a 
quarry are presented in an illegible diagram with only one C-14 date. Because it is a 
floodplain deposit, extrapolation of age would be risky. However, the diagram does 
show that the date, 17 .9 ka, falls in the middle of a trend of rising arboreal pollen 
abundance. It is possible to interpret that trend as an indication that the LGM came early 
and had a muted signal. One metre up the core, arboreal pollen disappears abruptly. But 
there are several factors which complicate an interpretation of just the arboreal pollen 
trend (e.g., strong dependence on an ambiguous curve for the shrub Salix), so it would 
be best to wait for more dates for this section, and for other material from Assam
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(Bhattacharya and Chanda 1987-88), before attempting a reconstruction of paleoclimatic 
change in this subregion.
2.3.5. Western and central Tibet
French-Chinese collaborative research has resulted in valuable records of climate 
change from Sumxi Co and Bangong Co in western Tibet (Gasse et al. 1991; Van 
Campo and Gasse 1993, Van Campo et al. 1996; Gasse et al. 1996)(site 13). The record 
at Sumxi Co covers the last 13,000 C-14 years, while that at Bangong Co, dated by 
various stratigraphical correlations with Sumxi Co, extends back to ca. 10,500 BP. The 
records of the two lakes agree with each other with respect to climate changes. During 
the earliest period, before 10 ka, the region was dry and the vegetation was dominated 
by the desertic elements Chenopodiaceae and Ephedra. Pulses of pedogenic calcite input 
during that period imply a general trend of increasing moisture until a short Younger 
Dryas-age reversion to colder drier conditions ca. 11-10.5 ka. At 9900 BP an abrupt rise 
in authigenic carbonate and Artemisia pollen and a decline in desert taxa signal a sudden 
change to a warmer, wetter climate, i.e., the strengthening of the monsoon. This is 
followed by a reversal at ca. 8-7.7 ka when lake levels apparently fell. A second phase of 
warm humid climate and highest lake levels, indicating the strongest summer monsoon, 
occurred ca. 7 5-6.2 ka. This period was followed by a dry period at ca. 6000 BP, which 
may have been the end of summer monsoon influence in this area. There followed further 
gradual drying, culminating ca. 3.8 ka., which seems to have been the driest time for the 
entire Holocene. After that, conditions fluctuated around a modern-day norm, except for 
a short arid pulse ca. 400 BP.
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In the centre of the Plateau, Selingcuo Lake has furnished a 10,000 year record 
discussed in Sun et al. (1993) (site 23). The earliest period is marked by a pollen 
assemblage today found 1000 metres higher, indicating that the Late Glacial was 4.5- 
5.5° C colder than today. Although there is a definite rise in pollen concentration at the 
onset of the Holocene, ca. 9600 BP, the only indicator for a peak in available moisture at 
that time is dominance of pteridophyte spores. Sun et al. (1993) point out that, for this 
site, low total pollen concentration during the period ca. 8500-7500 BP indicates wet 
conditions, as vegetation was slowly colonizing the bare terrain, and the core site, at 
mid-lake, was far away from pollen sources. This setting was followed by a gradual shift 
to denser vegetation by 6000-4000 BP. Subsequent drier conditions are indicated by a 
rise in Cyperaceae as the lake dried up and lake edge habitat moved closer to the mid­
lake core site. Pollen concentration rises very gradually, suggesting that much of the 
pollen in the core was wind-dispersed over intermediate to long distances. Tree pollen 
does not show up in abundance until relatively late, with Abies occurring with Be tula, 
Artemisia and Compositae after 6000 BP, Picea coming in at 4000 BP, and Pinus 
surging with Betula, Alms, and Tsuga between 2200 and 1000 BP.
The most recent period at Selingcuo, after ca. 1000 BP, is difficult to interpret, 
with relatively high concentrations for Tsuga, Betula (cold temperate forest), Cyperaceae 
(alpine meadow or lake edge), and Chenopodiaceae (desert or saline lake edge).
An early Holocene monsoon surge could be interpreted by assuming that, 
although temperature and moisture may have been sufficient, colonization by trees 
anywhere near the site was postponed until the mid-Holocene because of the difficulty of 
seed dispersal to, and establishment in, the centre of the Plateau. Alternatively, as
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mentioned above, the core site may have been in the middle of a very large lake, allowing 
only sparse pollen deposition at the site, even though vegetation around the plateau may 
have been relatively dense. After about 4000 BP, the site became drier, indicated by the 
rise in Cyperaceae and the reduction in the Artemisia/Chenopodi&ceae ratio. However, if 
we interpret the record more directly, i.e., taking low pollen concentration as an 
indicator of sparse regional vegetation, the site conditions could have been quite cold 
and dry before 9600 BP, then cold with increased moisture from 9600 BP until ca. 6000 
BP, maximum temperature and moisture between 6000 and 4000 BP, followed by 
diminishing available moisture after ca. 4000 BP. Although the Selingcuo record does 
not directly match other records from Western Tibet and Qinghai, the inferred late 
monsoon maximum, after 6000 BP, echoes that found in the short record from 
Naukuchhiya Tal in northern India (site 10; Vishnu-Mittre et al. 1967; Rajagopalan et al. 
1982), and perhaps also that of Lunkaransar (Enzel et al. 1999).
2.3.6. Northeastern Qinghai-Tibet Plateau and Loess Plateau
Ice core data have recently become available from the Dunde Ice Cap in 
northeastern Qinghai province (Thompson et al. 1989; Liu et al. 1998; site 14; Fig. 2.6a). 
At 5300 m elevation, deposition of pollen on the ice cap has been sparse, but correlation 
of the recent ice core pollen record with local meteorological data shows that total 
pollen concentration serves as a useful proxy for regional moisture availability, as it 
affects vegetation density and productivity. A humid period between 10,000 and 4800 
cal BP implies the occurrence of an early Holocene summer monsoon maximum. A 
subsequent dry period, indicated by a surge in Chenopodiaceae and a drop in total 
concentration between ca. 4800 and 2700 cal BP, appears to have been the driest for the
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Figure 2.6. Proxy data from sites in northeastern Qinghai and western Gansu Provinces, 
China: a) total pollen concentration in an ice core from Dunde Ice Cap (site 14; from 
Liu et al. 1998); b) inferred lake level and composite Holocene pollen percentages in 
core from Qinghai Lake (site 15; from Lister et al. 1991; Du et al. 1989); c) loess- 
paleosol sequence from Baxie, with magnetic susceptibility curve (site 16;
fromAnetal. 1993a).
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Holocene. Several abrupt fluctuations followed this dry period, with relatively humid 
episodes occurring at 2700-2200, 1500-800, and 800-600 cal BP (Liu et al. 1998).
Lake chemistry and palynological data from Qinghai Lake (site 15; Fig. 2.6b) are 
presented in Du et al. (1989), Kong et al. (1990), Kelts et al. (1989), and Lister et al. 
(1991). The 8180  and carbonate records begin at an extrapolated date of ca. 14.5 ka, 
where the oxygen isotope signal indicates a general trend of increasing precipitation 
during the late Pleistocene, with two abrupt reversals, one of which may have been a 
Younger Dryas signal. The pollen record begins at ca. 11 ka, with high values for the 
desert-steppe taxa Artemisia, Chenopodiaceae and Ephedra. A clear trend toward more 
negative Sl80  values, indicating more precipitation, run-off and lake-filling, took about 
700 years and culminates at 10,000 BP. Strongest negative values for S180  correspond 
to distinct peaks in Betula pollen at 11 ka and ca. 9.6 ka. A subsequent Early Holocene 
trend toward less negative 5180  values may indicate, as at Dunde (Liu et al. 1998), 
increasing monsoonal input as continental-type precipitation wanes. Although oxygen- 
isotope values are most negative by 10 ka, the pollen shifts much more gradually as the 
herbaceous component gives way to trees, and Betula gradually gives way to Pinus and 
Abies. The early rise in Betula probably indicates initially increased humidity, but its 
partial replacement by Pinus signals gradual warming by 8000 BP. The pollen record is 
somewhat erratic through the Holocene, but the average values indicate warmest 
conditions falling between 8000 and 3500 BP. Lake level was highest at ca. 7000 BP, 
and fell gradually about 10 metres to its present level by ca. 3000 BP. From 3000 to 
1500 BP arboreal pollen is still significant, but Artemisia recovers to pre-Holocene
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values. After 1500 BP conifers almost completely disappear, Betula maintains a low but 
steady value, and Chenopodiaceae rises along with other herbs, indicating significantly 
drier conditions than those of the mid-Holocene.
On the Loess Plateau, east of Qinghai Lake, one section from Baxie, in Gansu 
Province (site 16; Fig. 2.6c) provides a well-dated record of the Pleistocene-Holocene 
transition (An et al. 1993a). Previous research at several sites in the Loess Plateau has 
established the methodology, using magnetic susceptibility of sediments as a proxy 
record of past changes in monsoon strength (An et al. 1991; Maher and Thompson 
1992). The Baxie profile shows a transition from dry Late Glacial loess deposition to 
humid-climate paleosol development at ca. 11,000 BP. In the case of the Baxie profile, 
the short late Glacial period of paleosol development seems to coincide with the timing 
for the Younger Dryas reversal in the North Atlantic region. In the North Atlantic this 
period was relatively dry and cold, but in central China the paleosol development 
occurred under relatively humid conditions. This is clear evidence that events in the North 
Atlantic may have aflected events in China, but not in a linear manner. There was a short 
reversal to drier conditions at ca. 9800-9300 BP. This was followed by paleosol 
development from 9300 BP to 5500 BP, which indicates a period of the strongest 
summer monsoons, with strong precipitation penetrating central China deeper than the 
present-day limit (this refers to precipitation, not necessarily to wind reversal, the limit of 
which is shown in Fig. 2.2). After 5500 BP (ca. 6300 cal BP), loess deposition through 
the middle and late Holocene signals a return to relatively dry conditions.
These three records from Northern Qinghai have provided a fairly well resolved 
picture from a compact transect running across the margin of the Asian monsoon region.
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They show (Table 2.2) that the timing of major changes is close among the three sites, 
but not uniform. Concerning the chronology, the Dunde record is not finely resolved at 
the Pleistocene-Holocene transition, compaction of ice layers precluding a sampling 
resolution finer than 1000 years. At Qinghai Lake the Pleistocene-Holocene transition is 
documented and dated clearly, but the chronology more recent than 8400 BP is 
questionable because its interpolation assumes no depositional hiatus, constant 
sedimentation rate, and present day deposition at the top. The Baxie record is clear 
concerning the Early Holocene, but long periods of loess deposition reveal little about 
paleoecological nuances in the late Holocene. However all three records clearly overlap 
in reflecting a monsoon maximum at least between ca. 8500 and 5500 BP.
A long Pleistocene-Holocene record from Roergai Marsh, in adjacent northern 
Sichuan Province (site 17), has recently been published (Shen et al. 1996), including data 
from the LGM. The coldest period is found at 22-18 ka, when the marsh, at ca. 3400 m 
a.s.l., was covered with alpine meadow and desert-steppe vegetation. The late glacial 
brought gradually rising temperatures, with the introduction of subalpine shrubs. Alpine 
meadow disappeared completely by 11 ka, and evergreen conifers came in. Further 
warming brought expansion of coniferous forest, and the monsoon seems to have 
strengthened significantly by 7000 BP. After 3300 BP Cyperaceae meadow persisted but 
coniferous forest faded out. A transfer function applied to the pollen data shows a 
bimodal temperature peak occurring at 6500 and 3500 BP, and precipitation peaks at 
8000-6000,4500-3500, and the highest peak at 2000-1400 BP. With the data taken 
together, the LGM was clearly very dry and cold, an early transition occurred at 12,500
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BP and the monsoon maximum fell between ca. 8000 and 3300 BP, with a distinct dry 
period occurring for 1500 years in the middle of the monsoon maximum.
Records from the Qinghai-Tibetan Plateau are reviewed by Tang and Shen 
(1996). They find that the timing of major changes is roughly consistent across the 
Plateau. Distinct abrupt change to warmer wetter conditions occurred ca. 11-10 ka BP.
A monsoon maximum culminated at ca. 7000 BP, after which time drying was gradual 
and progressive.
From southern Tibet two sites, Ren Co and Hidden Lake (sites 22a, 22b, 
respectively), presently under investigation, are anticipated to yield high-resolution 
records of Late Glacial-Holocene climate/vegetation changes (Liu et al. 1996). These 
sites are especially well situated to provide new data from the southeastern section of the 
plateau, which will help in evaluating differences in long-term monsoon dynamics 
between the northwest of the Plateau and the southeast. This will improve our 
understanding of the importance of intra-plateau circulation and, more generally, of the 
overall role of terrain in Asian monsoon dynamics, a theme discussed by Tang (1979).
2.3.7. Hubei
Two studies from Hubei province illustrate monsoon changes in the central 
portion of southern China. Wang and Sun (1989) and Gao (1988) discuss a four-metre 
core from the Nanping peat bog (site 25; Fig. 2.7). Before 22 ka, a mixed broadleaf 
evergreen forest assemblage indicates conditions only slightly cooler than the present. 
LGM cooling set in by 22 ka, with the forest dominated by Abies, Picea, Pinus, Betula 
and other temperate taxa. Around 12-13 ka cool and increasingly humid conditions are 
indicated, when conifers began to diminish in importance as Ouercus and Salix expanded
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along with Polypodiaceae. An abrupt change at 9300 BP brought in Metasequoia, a 
warm temperate conifer, and more evergreen Fagaceae, signaling significant warming. 
Peak precipitation fell between 7200 and ca. 4000 BP, indicated by increases in both 
forest and wetland taxa. After 4 ka, the site was slightly drier and cooler, dominated by
Metasequoia.
Liu (1991, site 24) finds a roughly similar pattern in the Jianghan Plain, although 
the chronology is not as clear as the one from Nanping bog. Late Pleistocene samples are 
dominated by the pollen of conifers, Betula, Rosaceae, Gramineae, and Artemisia, 
indicating clearly colder and drier conditions than present. All of these taxa diminish in 
importance by ca. 9300 BP, although the timing of the change is not clear. Between 9 ka 
and 3 .5 ka indicators of the forest composition are fairly steady, and indicate conditions 
warmer and more humid than present, which may be taken as the monsoon maximum. 
There are a few “flickers” in the pollen signal, usually showing a reduction in some tree 
taxa, and a rise in grasses and ferns. There seems to be a slight cooling and drying after 
3500 BP, but the record is more erratic than before that date, accompanied by some 
sections with a marked dominance of ferns, which may indicate intensification of human 
influence.
2.3.8. Western Sichuan
Records from two cores on the southeastern edge of the plateau, in Sichuan 
Province (site 18), mirror the trends seen at Qinghai Lake. The record from Dahaizi 
Lake on Mt. Luoji (Li and Liu 1988) extends back to ca. 12,000 years, where that pollen 
spectrum is initially dominated by Pinus (only one sample), and Artemisia has a 
significant presence. In the subsequent pre-Holocene section of the core Artemisia drops
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out and Pinus decreases concurrent with increases in deciduous Ouercus, Betula, and 
evergreen sclerophyllous Fagaceae (Lithocarpus, Castanopsis and Cyclobalanopsis).
The record from nearby Lake Shayema (Jarvis 1993; Fig. 2.8a) begins at 10.8 ka and 
echoes the trends found at Lake Dahaizi. Moderately high levels for deciduous oaks 
before 10 ka diminish by 9 ka, gradually at Shayema, abruptly at 10 ka at Dahaizi. Betula 
was prevalent in the pre-Holocene and diminished steeply to 9k, then more gradually 
until ca. 7 ka at Lake Shayema. Betula stays at roughly the same level until ca. 3800 BP 
at Dahaizi. At Shayema there is a fairly abrupt rise in Abies and Picea pollen at 10k, and 
a similarly abrupt decline at ca. 8500 BP. Other than these few abrupt changes, both 
records are marked by gradual transitions in vegetation. Both cores show slight changes 
over the last 1000-1500 years, with sclerophyllous taxa losing out to Gramineae, 
Artemisia and Alrtus at Shayema, and to Abies, Rhododendron and Alrtus at Dahaizi.
The concentration diagram from Dahaizi suggests that this change, perhaps at both sites, 
results only from a loss of some evergreen oaks, and that the recovery of other taxa is an 
artifact of percentage calculations. The change is probably due to late clearance of forest 
for agriculture.
The overall picture for both sites shows late Pleistocene cool and humid 
conditions changing ca. 11,000 BP to less cool and still humid conditions, followed by a 
change which was abrupt at Dahaizi and more gradual at Shayema to a warmer and more 
monsoonal climate beginning ca. 10,000 BP, and then a gradual transition to established 
warm and seasonal climate by 7500 BP. Shayema’s record shows a further distinct shift 
to slightly hotter, drier conditions ca. 4000 BP, similar to the modem climate.
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Figure 2.8. Selected pollen percentage curves from Sichuan and Yunnan Provinces, China, a) Lake Shayema, Sichuan (site 18; 
from Jarvis 1993); b) Dianchi Lake, near Kunming, Yunnan (site 20; from Sun et al. 1986).
2.3.9. Yunnan
Three sites in Yunnan Province have provided the most complete records for 
southwestern China bordering on Indochina. Published together with a summary by 
Walker (1986), these studies fill in an important gap in the paleomonsoon record.
The northernmost site at Xi Hu, near Er Yuan, yields a record beginning at 17 
ka, from a lake at 1980 m elevation (Lin et al. 1986, site 19). In the two cores used for 
pollen analysis, the top sediments date to 6340 and 4450 BP. The oldest section of one 
core, 17k-15 ka, reflect conditions cooler and more humid than present, with a montane 
conifer assemblage occurring about 500-800 metres lower than its current range. Mean 
annual temperature was depressed 2.5-4.0° C during that period. The section dated 14- 
10 ka saw very diverse assemblages fluctuating through the period, with montane 
conifers mixed with warm temperate deciduous elements (Pterocarya, Jugians, 
sclerophyllous Ouercus), and with some Euphorbiaceae. That combination has no 
modem analogue, as it requires a downward altitudinal shift of the montane taxa and a 
simultaneous upward altitudinal shift of the subtropical/tropical taxa. The authors 
interpreted the Euphorbiaceae (genus Euphorbia) as indicating drier conditions, but also 
mention that the family types include pollen resembling Baccaurea and Antidesma, both 
of which genera are common in tropical semi-evergreen forests in Indochina today. 
Climate in this period probably had some periods of short warm summers and cold dry 
winters varying with periods which must have been relatively hot and dry, but the 
reconstruction is difficult because of the lack of an analogous modem pollen assemblage. 
By the end of that period, the Euphorbiaceae pollen are gone, along with all montane 
conifers other than Tsuga. The Xi Hu records after 10.5 ka are fairly simple. Pirns
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dominates, particularly after displacing most evergreen Fagaceae by 7500 BP. There are 
no major changes in the pollen assemblage above the 10,500 BP level.
The central Yunnan site is located at Dianchi Lake near Kunming at an elevation 
of 1886 m (Sun et al. 1986; site 20). The record there, from two cores, begins at ca.
16,000 BP. The oldest Late Pleistocene sections indicate only slightly cooler (ca. 2° C) 
and wetter conditions than present. As at Xi Hu, the pollen assemblage contains elements 
which, at present, occur at both higher and lower elevations, e.g., simultaneous 
occurrence of montane Tsuga, Be tula, and Picea with subtropical Fagaceae, Ulmaceae, 
Carya, Juglcms, Ilex, Pittosporum, and Podocarpaceae, along with the more tropical 
Moraceae and Mallotus. This paradoxical assemblage is explained by the authors as 
reflecting a climate with cooler summers (allowing the montane taxa) and milder winters 
(allowing the subtropical taxa) than present, similar to the contemporary situation at Xi 
Hu. Wetter conditions are also reflected in the core lithology, as this is the only section 
with a relatively high inorganic (sand, silt, and clay) component to the sediments, 
indicating higher erosion rates. After about 9500 BP the sediment deposition was mainly 
organic. The chronology is a bit jumbled by some reversals in one of the cores (DZ 18), 
but it appears as though there was a major change ca. 9000-9500 BP from a cool, humid 
climate to a warmer one, still with significant year-round precipitation. Montane taxa 
disappear along with the previously abundant deciduous oak, and Pinus declines during 
that period. Seasonal difference in precipitation was least around 8000-7000 BP. By 
4000 BP the climate became more clearly seasonal, approaching modern values, as Pinus 
recovered along with Cyclobalanopsis and sclerophyllous Ouercus. Major changes late 
in the record, from ca. 1500 BP, are tentatively attributed to increased agriculture and
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irrigation in the basin. However, the authors note that although the basin is known to 
have been settled as far back as 10 ka, there is no evidence of elimination of forest and 
its replacement by scrub or herbs.
In the south, near the frontier with Laos and Burma, lies the southernmost 
Yunnan study site at Menghai (Liu et al. 1986; site 21). Chronology for these cores is a 
major problem. However, some observations proceed from the simple conclusion that 
the whole sediment profile dates to the period ca. 36-20 ka. During that period there 
were several intervals when the local vegetation included Podocarpaceae, Dacrycarpus 
and Dacrydium, which are now completely absent near the site. By analogy with their 
present range which includes Hainan Island, it appears that the climate immediately 
preceeding the LGM at this site was more humid than present and, if any cooler, only 
very slightly so. More specifically, there must have been more winter rain, and winter 
temperatures could have averaged as much as 5° C higher than today. Summer 
temperatures, on the other hand, could not have been higher than present, because a 5° C 
rise in summer temperature would have allowed the establishment of tropical evergreen 
rainforest at this site. Tropical rainforest pollen taxa other than Moraceae and Myrtaceae 
are largely absent from any level in the cores studied.
The Yunnan data, summarized in Walker (1986), show some surprising patterns. 
First, there is strong evidence that LGM climate was not drier than present, and there 
seems to have been a gradient of increasing mean annual precipitation to the south. This 
clearly suggests that a northeast winter monsoon was either not strongly felt in Yunnan, 
or that the duration of its maximum strength fell in the short period for which there is no 
record, ca. 20-17 ka. Second, the Late Glacial climate supported, at Kunming and at Er
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Yuan, vegetation with no modern analogue, which was responding to less extreme 
temperatures both winter and summer, and more even precipitation through the year than 
is now the case. The evenness of precipitation continued into the Holocene, through a 
fairly clear increase in mean annual temperature. Seasonality, reflected in relative 
dominance of subtropical sclerophyllous Fagaceae and some Pinus spp., developed 
gradually, and reached its peak after 7000 BP in the north, and by 4000 BP at Kunming.
Before leaving these studies, it should be mentioned that some chronological 
problems remain unresolved, hampering interpretation of the paleoclimate record. The 
chronology is recognized as being problematic at Menghai, but the other two studies do 
not address the potential problems of old carbonate contamination of dated materials, or 
of sediment mixing. Both Dianchi Lake and Xi Hu lie in geological settings dominated by 
limestone, and there is no reason to assume that Carbon-14 ages from the cores would 
be unaffected by old carbon. The lakes also are set in one of the most tectonically active 
regions on Earth, so it is likely that lake sedimentation would be affected by slumps and 
earthflows. Either of these two conditions could account for the numerous age 
inversions in the main Dianchi core (DZ 18), but interpretation of the pollen record is 
confounded because we do not know if 1) the pollen deposition was continuous, but 
ages were inverted because of contamination, or 2) the ages are valid but the sediment 
column was subject to sporadic deposition of older material washed into the lakes from 
the hills. We cannot resolve these problems now. However, it is encouraging that certain 
cores from Xi Hu (#6) and from Dianchi (DZ 13; Fig. 2.8b) do not show dating 
inversions and show less lithoiogical evidence for sediment mixing, and it is these cores 
which support the discussion of inferred paleoclimatic changes at those sites in Yunnan.
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2.3.10. South China
From the Leizhou Peninsula near Hainan Island, Lei and Zheng (1993) describe a 
230 metre core, estimated to cover the last 350,000 years, from the Tianyang volcanic 
basin (site 26). An interval after 45 ka sees a cool moist flora represented in the pollen 
record, until major change set in ca. 22ka. The section representing 22 ka-12 ka shows 
progressive drying, and this section actually shows the driest conditions for the entire 
350 k yrs. represented in the core. The chronology in this section of core is problematic, 
as discussed below. There is first a fairly abrupt decline in the pollen of evergreen oaks, 
accompanied by an immediate surge in Gramineae and Artemisia. Both of these drop out 
by about the 20 ka level, above which pteridophytes dominate the palynological 
spectrum. By 18-15 ka tropical montane elements, particularly Dacrydium, had gone 
locally extinct. Some subtropical elements from the old assemblage persisted, 
representing a vegetation type which today occurs in areas with a mean annual 
temperature ca. 5° cooler than now prevails at Tianyang. The progressive drying 
accelerated after 18-15 ka until almost all moist forest elements were gone by the time of 
a depositional hiatus which is tentatively dated to the inception of the Holocene. By that 
time, vegetation was dominated by the ferns Dicranopteris, Osmunda and Hicriopteris. 
Above the depositional hiatus, a short, undated younger section, probably Holocene, 
indicates vegetation similar to the last described, but with higher values for Gramineae 
and Artemisia.
This record from Tianyang does not include charcoal counts, but it would be 
interesting to assess whether the latest Pleistocene changes could have been due to 
human modification. The progressive drying all the way through the Late Glacial is
42
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
unexpected, especially the accelerated drying after 15ka, when other parts of the 
monsoon region were subject to increasingly humid conditions.
The Late Glacial section at Tianyang is dated by extrapolating from a 20,000 BP 
Carbon-14 date, using sedimentation rates from the part of the core representing 
subtropical-tropical vegetation. There is a possibility that the progressive drying 
described for the late Pleistocene may actually have occurred before and during the 
LGM. Progressively drier climate may have led to increased erosion and sedimentation 
rates, and, eventually, environmental changes which caused the depositional hiatus in the 
dry postglacial period. This interpretation allows the inferred vegetation changes to fit 
into the regional pattern more easily, but requires that some 10 metres of sediment were 
deposited in the basin in the 4000 years between the last measured C-14 age and the 
LGM, which seems unlikely.
Two related records from this region, covering the last 25,000 years have 
recently become available in a study by Huang et al. (1997). A marine core (site 27a) 
from the South China Sea shows increased productivity in cooler (than present) waters 
during and after the LGM, until ca. 12,000 BP. SST proxies show a decrease, relative to 
the present, of 4° C. The SST seems to reflect winter monsoon strength, which 
decreased first at 12,000 BP and again at 6000 BP. A complementary terrestrial record 
comes from highland Toushe Lake in central Taiwan, at 650 m elevation (site 27b).
Here, the late Glacial pollen assemblage is dominated first by Alnus, which succeeds to 
Gramineae, then Artemisia and the evergreen broad-leaved Cyclobalcmopsis. The shift in 
vegetation compared to present indicates a 5° C lower temperature during the LGM. At
10,000 BP there was clearly a transition to warmer and wetter conditions, signaled by a
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surge in pteridophyte spores and Castanopsis pollen. After that, Castcmopsis decreases 
until ca. 8000 BP, then maintains a fairly steady average value until it becomes negligible 
at the 3000 BP level. Fern spores stay abundant in the early Holocene section, except for 
a major drop ca. 6000-7000 BP, then decrease at 5500 BP, and rebound again in the 
period 4000-2000 BP. These data, combined with lithological changes in the sediments, 
indicate a weak summer monsoon until 12,000 BP, a transitional phase until 10,000 BP, 
and a strong monsoon through the Holocene. The signal for warm humid pollen types, 
however, is not steady through the Holocene, and it is difficult to demarcate a monsoon 
maximum.
2.3.11. Indochina Peninsula
Kealhofer and Penny (1998) have produced the first adequately dated record 
from an upland site in mainland Southeast Asia (site 29). Cores from Lake Kumphawapi, 
in Northeast Thailand, cover the period from 12.2 ka to ca. 5-4 ka., and are subject to 
analysis of pollen, phytoliths and charcoal. Early in the record, at ca. 9000 BP, a change 
from cool-dry conditions to warmer conditions is indicated by a sharp decline in Celtis, 
Compositae, and Amaranthaceae, concurrent with a rise in Purus, Palmae, bambusoid 
phytoliths, Moraceae/Urticaceae and, slightly later, Ouercus. Between the 9000 and 
6500 BP levels, several taxa indicate a periodically inundated, relatively dry forest, which 
gradually changes to denser forest and, finally, by about 6000 BP, to the herbaceous 
floating mat vegetation that now characterizes the site. Inferring climatic change is 
difficult for this section, as the arboreal element includes Pinus which, taken with the 
charcoal and pteridophyte curves, suggests either dry conditions or strong seasonality. 
Forest taxa begin to increase and diversify before ca. 8500 BP and reach peak diversity
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ca. 6500-6000 BP, as Pinus temporarily decreases. That is followed by Cyperaceae and 
Pteridophyte spore peaks representing the floating mat vegetation. Just before 5500 BP 
there is an abrupt change to more burning, signalled by a charcoal peak, an increase in 
Pinaceae, and a decrease in forest taxa diversity. This change could be due to increased 
human influence, although the contemporaneous development of floating mat vegetation 
implies a rise in the lake level. Above the ca. 5-4 ka level, the pollen and phytolith 
assemblages seem to indicate a reduction in burning, a decrease in pine coverage, and a 
resurgence of forest cover.
Data from this core, then, suggest a Pleistocene-Holocene transition coming at 
ca. 9 ka, with an increase in temperature and perhaps a gradual transition to maximum 
summer monsoon precipitation culminating at ca. 6500-6000 BP. But the change at ca. 
6000 BP is ambiguous, signaling the onset of either a moister climate with more human 
impact, or a drier climate with some other factor controlling the change in lake level. The 
late Holocene waning of monsoon strength is difficult to pin down because of the lack of 
dated material above the 5500 BP level, and because anthropogenic burning may have 
disguised the climatic signal in the vegetation.
Bishop and Godley (1994; site 28) discuss channel morphological changes in the 
Yom river basin in central Thailand. Eight C-14 dates help with the chronology of 
channel changes, but the dates are clustered and young, only one older than 1700 BP. 
The authors find indications that mid-Holocene conditions were drier than those of either 
the early Holocene or the period after 1700 BP. This observation conflicts with other 
evidence for a humid mid-Holocene in Thailand (Kealhofer and Penny 1998).
Lithological sections from Northeast Thailand summarized in Boonsener (1991),
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including a loess section (Udomchoke 1989), suggest very dry Holocene periods, with 
loess deposition dated to 8200 BP and windblown sand dated to 3500 BP. In those 
sections, however, there do occur intervening dated layers of alluvium and lake 
sediments, indicating wetter conditions. The suggestion of conditions dry enough to 
bring loess deposition to the Khorat Plateau through the mid-Holocene does not fit well 
with the findings of Kealhofer and Penny (1998). A possible synthesis of the data, but 
requiring a liberal interpretation of the chronology, calls for a dry period as late as 8200 
BP, followed abruptly by a monsoon maximum falling between ca. 8200 and 4000 BP, 
and then subsequent drying.
The remainder of late Quaternary paleoclimate studies from Thailand focus on 
edaphically controlled vegetation changes associated with sea-level change (Pramojanee 
and Hastings 1983; Hastings and Liengsakul 1983; Somboon 1988), which indicate 
glacial-period regression beginning ca. 16 ka and a Holocene sea-level high stand at ca. 4 
ka. There is no clear signal for monsoon fluctuations in these records, even though 
upland taxa are represented in the mangrove section of the core discussed by Somboon 
(1988). Maloney (1992) provides a complete review of these works, including his own 
research at the coastal archeological site, Khok Phanom Di. He finds that the few signals 
of vegetation change not attributable to sea-level fluctuations are reflecting human 
activity.
2.3.12. Sunda
Although the Sunda shelf area does not fall within a strictly defined Asian 
monsoon region, several highland sites in Sumatra and Java have provided records of 
late Pleistocene-Holocene environmental change which should be considered here.
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Climate in this area is monsoonal is the sense of being subject to a semi-annual prevailing 
wind shift, which, as in most of Indonesia, shifts between northeasterly and 
southeasterly. But precipitation is much more constant than in the continental monsoon 
region, averaging about 2000-2100 mm per year, with a slightly drier period occurring 
from May to August. These sites are the closest research sites to the south of the 
Indochina Peninsula, and thus provide a geographical bracket for atmospheric patterns 
affecting the study area. Furthermore, analysis of material from these sites has focused to 
a large extent on identifying a period of time when human activity first began to produce 
widespread effects on the vegetation and landscape. As such, they serve as a transition 
from a primarily climatic interpretation of records to an interpretation which also 
considers anthropogenic impacts on the landscape, including fire.
Near Lake Toba, in the northwest of Sumatra (site 31), a series of studies 
describe records from highland peat deposits in Pea Sim-sim (Maloney 1980) and Pea 
Bullok (Maloney and McCormac 1995). The general trend shows colder conditions, 
indicated by high values for Vaccinium and Dacrydium, culminating at 21-18 ka, then 
diminishing erratically to about 11-10 ka. At these sites, a distinct change to warmer 
conditions comes in around 11,000 BP, signalled by decreases in the taxa mentioned 
above and increases in pollen of Fagaceae (especially Castanopsis and Quercus), 
Myrtaceae (esp. Eugenia). However, the exact timing of this change is difficult to pin 
down as one of the records (core A) contains a dating inversion at the crucial level 
encompassing 11,800-14,500 BP ages. There is no discernible period of maximum 
Holocene moisture availability, partly because of poor temporal resolution in the 
Holocene section, discussed below. Maloney suggests that disturbance of the forest by
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humans may have started at 7500 BP, but clear evidence of anthropogenic change comes 
in only by 2500 BP.
Further south, records come from the highland swamps Danau di-Atas 
(Newsome and Flenley 1988) and Danau Padang (Morley 1982) (both sites just off the 
map in Figure 2.1, to the south). The indicators of cold Late Glacial conditions at Danu 
di-Atas are similar here, but there is a suggestion in the Dacrycarpus and Fagaceae 
curves that coldest conditions came in slightly later than around Toba, at ca. 13,200 BP. 
Evidence of warming appears in the di-Atas record at ca. 12 ka, but that part of the 
record falls in the period of overlap between the two cores used for the single record, so 
there may be some problems with the precision of the dating. Above that level, conifer 
taxa decrease while Fagaceae, Altingia and Myrtaceae all increase, although the 
Myrtaceae curve is erratic throughout the Holocene. Morley (1982) finds disturbance at 
Danau Padang, perhaps attributable to human activity, beginning ca. 4000 BP.
Data also are available from sites in West Java, the best records coming from Situ 
Bayongbong and Situ Gunung (Stuijts 1984, 1993), which closely match the major 
climatic trends found in the Sumatra records. Van der Kaars and Dam (1995) also 
present a long record from West Java, but it is not adequately resolved in the Holocene. 
The few palynological records of change from Borneo/Kalimantan, which, 
geographically, could be useful for sorting out climate patterns in Cambodia, come from 
mangrove environments and therefore primarily describe sea-level related change 
(Caratini and Tissot 1988), or lack adequate chronologies (Anderson and Muller 1975; 
Morley 1981).
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Summaries of the Sunda records find some common trends which are pertinent to 
a reconstruction of the regional climate (Maloney 1985; Stuijts et al. 1988; Newsome 
and Flenley 1988). First and most importantly, all of the studies with records extending 
back more than 12,000 years find cooler, but not necessarily drier, conditions during the 
Late Glacial. There are lengthy discussions in the articles about altitudinal displacement 
of vegetation belts or zones, and the difficulty of defining such zones using modem 
vegetation as an analogue (Maloney 1981). Such displacement was originally thought to 
indicate average temperatures as much as 7° C lower than present, which conflicted with 
CLIMAP (1976) models, and also the temperature diplacement seemed to have been 
much more extreme in the higher sites than at the mid-elevation sites (Stuijts et al. 1988). 
Flenley (1996) suggests that ultraviolet-B light also controlled vegetation zonation 
during the late glacial, and could account for the more extreme shift shown at higher 
elevations, with a lapse rate only slightly higher than present, i.e., 0.71° C per 100 m. 
Given the many variables involved, it is plausible to conclude that Late Glacial mean 
temperatures in the Sumatra-Java region were depressed ca. 2-5° C, compared to 
present. And most of the records show a recovery to present day temperatures by ca. 
8600 BP.
The records of vegetation change, however, do not show that the Late Glacial 
was necessarily drier in this region (Newsome and Flenley 1988; Stuijts et al. 1988). A 
suggestion that lake levels may have been slightly lower at that time proceeds from a 
dating inversion which is taken as indicating increased erosion resulting from a dry 
climate. But that line of reasoning is not supported by inferred vegetation shifts, as all of 
the sites supported a coniferous rainforest assemblage during the LGM and Late Glacial,
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comparable to what is now found at ca. 1800 m elevation. Various articles have put 
forward or echoed the concept of a “savanna corridor” running through the Sunda 
lowlands during the last glacial (Ashton 1972; Morley and Flenley 1987; Heaney 1991), 
when sea level was ca. 100 m lower than present and the Sunda shelf was exposed. As 
tempting as it is to follow the deduction that larger areas of land meant a drier climate, or 
that the tropics, in general, were drier then (Verstappen 1980; cf. various articles in 
Prance 1982), it should be remembered that there are no empirical data from the Sunda 
lowlands which show that the area was any drier during the LGM than it is now. Lines of 
evidence cited to support the savanna corridor concept have inadequate or highly 
generalized chronological control (Verstappen 1975; Morley 1981; Batchelor, cited in 
Morley and Flenley 1987).
Most of the cores from Sumatra and Java come from peat swamps, so sediment 
accumulation has been slow, and the records generally represent a long period of time in 
a relatively short core length. That situation, combined with a low number of 
radiocarbon age determinations, has translated into poor temporal resolution for some of 
the cores, especially for sections dating to the Holocene. So it is often difficult to pick 
out a beginning or end to any period of maximum Holocene precipitation, if, indeed, 
such a phase exists.
The researchers in these studies have generally made a point of identifying, within 
the Holocene, a period of initial human impact on the vegetation and landscape. This 
involves several indicators, including charcoal, forest disturbance taxa {Macaranga, 
Trema, Engelhardtia), increases in Gramineae indicating forest clearance, and pollen 
from cultivated plants, especially Gramineae in the size range of rice (Maloney 1990).
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There are ambiguous indications of impact as far back as ca. 18,000 BP (Maloney 1980). 
Clearer changes indicating forest clearance come in at 7500 BP (Maloney 1980, 1985), 
and even more convincingly by 4000 BP (Newsome and Flenley 1988). A final major 
phase of forest clearance attributed to the introduction of rice agriculture begins at ca. 
2500 BP (Maloney 1985; Newsome and Flenley 1988). This inferred human impact is 
discussed in more detail below.
2.4. DISCUSSION
2.4.1. Late Glacial
Within the Asian monsoon region, only sites in southern and central India, South 
China, and northeastern Qinghai-Tibet Plateau have provided records datable to the 
LGM, although several records from Sunda help to round out the picture for the larger 
region. In southern India, a short dry spell is indicated in the Nilgiris, and that condition 
is also suggested by an adjacent offshore core. In central India the regional signal 
indicates a long, dry LGM, roughly 24-17 ka, with aridity continuing to ca. 11-10 ka, but 
the timing of this latter period and subsequent changes is dimmed by the imprecision of 
the geomorphological signal. On the eastern margin of the Qinghai-Tibet Plateau, at 
Roergai, conditions were coldest and driest at 22-18 ka. In South China the Tianyang 
record shows climatic changes contemporaneous with the LGM beginning at 22 ka, 
similarly to Nanping Bog in Hubei, but cooling and drying may have intensified gradually 
and taken 10,000 years to culminate in the local extinction of tropical taxa. This included 
a period after ca. 18-15 ka when the climate continued to get drier, while most other 
sites in the region were beginning to experience increases in precipitation and warmer
51
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
temperatures. The fact that the Tianyang record does not fit well with others in the 
region begs a confirmation of its Late Glacial chronology, as discussed above.
The majority of studies reviewed here have shown only a snapshot of Late 
Glacial, i.e., 15-10 ka) conditions, usually only 1000-2000 years before the onset of a 
strong summer monsoon. The Late Glacial was colder and drier than present at all sites 
except the Nilgiri Hills and Yunnan. The lack of data for the period before ca. 12 ka 
implies that conditions at many sites were drier and/or colder to a degree that precluded 
lake deposition and/or pollen preservation. This is true of the sites in Qinghai-Tibet (too 
cold and dry), the Sichuan lakes and northern Yunnan, Didwana and, possibly, 
Kumphawapi (too dry). In these cases the suggestion of colder and drier conditions in 
the Late Glacial does not contradict the role of net radiation balance at that time, but the 
lack of data obviously says little about the timing of changes which may or may not be 
responding to solar radiation.
Sites in central and southern Yunnan, although lacking a record of the LGM, 
were subject to precipitation equal to or greater than today’s, with little temperature 
difference, in the periods immediately preceding and following the LGM (Walker 1986). 
These sites supported a vegetation with no modem analogue, an assemblage which 
implies markedly less seasonality, in both precipitation and temperature, than today. 
Walker (1986) suggests that the even precipitation at that time could have resulted from 
frontal disturbances, which may have occurred throughout year. Trewartha (1981) has 
described, in the modem circulation, the polar front in winter extending from Burma to 
Japan which accounts for significant frontal precipitation annually. With weakened
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monsoonal circulation during the Glacial period, such fronts may have been present 
throughout the year, or at least for a longer period before and after the northern winters.
South of the Asian monsoon region, records from Sumatra clearly indicate LGM 
and Late Glacial temperatures 2-5° C lower than today, but with no noticeable difference 
in moisture availability. Because of the lack of good records from the Sunda lowlands, it 
is impossible to say for sure whether the constancy of precipitation in the highland sites 
is related to terrain, or whether atmospheric circulation during the LGM was actually 
little changed from that found in the sub-region today. The fact that the other two sites 
with negligible Late Glacial precipitation shifts (Nilgiris and Yunnan) are also highland 
sites argues for the importance of terrain as a major factor controlling expression of the 
monsoon over land, except that many of the other sites are also located in highlands and 
do show a marked shift in precipitation regime. A better distribution of data would help 
to settle this question, especially data from more lowland sites.
2.4.2. Pleistocene-Holocene Transition
In attempting to clarify patterns of change in Early Holocene monsoon strength, 
we should first point out that the records reviewed here do not support the idea that 
there was a uniform, synchronous response to increased summer radiation surpluses in 
the monsoon region. Almost all records have shown a precipitation maximum between 
8000 and 6500 cal BP, with notable exceptions, but the timing of onset, strengthening 
and weakening vary significantly.
The timing of a major, relatively abrupt Late Pleistocene/Holocene transition to 
wetter conditions falls at most sites between 11 ka and 9.5 ka (13-11 k cal BP) (Table 
2.2). The exceptions to this pattern are found in records from southern India (Nilgiris,
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Table 2.2. Chronology of inferred monsoonal precipitation changes for selected sites discussed in the text. Shaded areas represent 
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site 5) and western India (Didwana, site 9). Both the Malabar coast core described by 
Van Campo (1986; site 3) and data from the Nilgiris (Sukumar et al. 1993; Gupta 1971) 
show an increase in monsoon strength in southern India beginning as early as 16.5 k cal 
BP, much earlier than any other sites reviewed here. The position of those sites at the 
southern edge of the monsoon region, on a peninsula, may have dampened the 
continentality which dominates sites farther north and farther inland. Perhaps the long 
term progression of monsoon change mimicked the annual “march” of the monsoon 
across India, with monsoon onset beginning in the extreme southeast of the subcontinent 
and progressing toward the northwest (Ramage 1971). Another possible explanation 
involves the late Pleistocene winter monsoon. Sarkar et al. (1990) show that the 
strengthened northeast winter monsoon at the LGM caused enhanced precipitation on 
the southeast coast of India. With that monsoon stronger than present, it may have 
brought more rain during the LGM to the Nilgiris, which form the subcontinental divide 
about 300 km inland from the east coast.
The Didwana record fits well with the model of Overpeck et al. (1996), in terms 
of the timing of changes in the monsoon, but the connection with precipitation variations 
is not so clear. The Didwana site and the Thar desert are marginal to monsoon 
circulation. Singh et al. (1990) point out that the site lies close to the modem day zone 
of predominant winter rain. Furthermore, although present-day low level winds over the 
Thar Desert are monsoonal, precipitation during the southwest monsoon is not heavy. 
Ramage (1971) attributes this to subsidence dominating over monsoonal advection and 
precipitation in the area, a process which is not well understood. Bryson and Swain 
(1981) use a transfer function to show that at nearby Lunkaransar, precipitation in the
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mid-Holocene was largely winter rain. Although their method produces a slightly 
different precipitation record at Didwana (there may be problems in correlationg the two 
chronologies), it raises the possibility that precipitation and lake levels recorded in the 
later study of Didwana (Singh et al. 1990) may reflect non-monsoonal rain. Enzel et al. 
(1999) also suggest that the Holocene precipitation maximum (6.3 - 4.8 ka) at 
Lunkaransar is due to an increase in winter precipitation, not to a Holocene monsoon 
maximum.
2.4.3. Monsoon maximum
At a temporal resolution of 3000-year increments, COHMAP describes stronger- 
than-present monsoons between 12 ka and 6 ka. Even at that coarse resolution terrestrial 
sites reveal two significant departures from the model descriptions. One is that the peak 
in monsoon strength occurred at most sites toward the end of this period, not at the 
beginning or middle as would be expected on the basis of orbitally-induced insolation 
changes. This lag could be explained as a late response to radiation changes, delayed by 
residual Late Glacial boundary conditions (Eurasian snow cover and/or depressed sea- 
surface temperatures). The second exception is that several sites show maximum 
precipitation prevailing until as late as 5000-3500 BP, 1000-2500 years later than model 
descriptions. This lag comes too late to invoke Late Glacial boundary conditions as an 
explanation.
At a finer temporal resolution, timing of changes outlined here from Asian 
terrestrial sites may be compared with high resolution records from the Somali Coast and 
the Oman Coast (Zonneveld et al. 1997; Sirocko et al. 1993; Overpeck et al. 1996). The 
northeast African records suggested a surge in monsoon strength as early as 15-14.5 k
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cal BP. The only Asian terrestrial site showing such an early change, other than the 
Nilgiris, is Lake Didwana, which is the closest site downwind of the Arabian Sea cores. 
All other terrestrial records show initial monsoon strengthening ca. 13-11 k cal BP., 
followed by a further strengthening at 10-9 k cal BP. The records not showing these two 
steps in monsoon increase, from the Son Valley and from Dunde, both have poor 
temporal resolution in the early Holocene. The Son Valley record, reflecting changes in a 
fairly large watershed, can only record major changes in river channel morphology and 
sedimentology occurring over several thousand years. At Dunde, compaction of the 
lower ice layers limits the ability to resolve Early Holocene changes at less than 1000-yr. 
intervals, and the oldest sample dates only to 11 k cal BP.
Overall, then, most sites reviewed here reveal a two-stage increase in monsoon 
strength beginning 13-11 k cal BP, peaking after 10-9 k cal BP, and finally weakening 
ca. 5-3 .5 k cal BP. This general pattern is also described in two reviews of Chinese data 
(Sun and Chen 1991; Fang 1991). The pattern is similar to, but slightly lagging, that 
described by Overpeck et al. (1996). It is plausible to assume that the 13-11 k cal BP 
climate change was due to the strengthening of the monsoon responding to orbital 
changes, as modelled by Kutzbach and Guetter (1986). The fact that there was a lag in 
the monsoon maximum confirms that other factors were also significant in forcing the 
monsoon. Furthermore, comparing data presented here to those presented by Overpeck 
et al. (1996), the influence of boundary conditions on monsoon dynamics seems to have 
delayed changes in terrestrial expression of the Asian monsoon relative to the 
northeastern African monsoon.
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Model experiments by deMenocal and Rind (1993) also indicate that Asian and 
African monsoons have responded differently to forcing factors, but in their study 
northeastern Africa is considered as part of the Asian subregion, because of the dominant 
influence of the Indian Ocean. The northwestern African monsoon is more strongly 
influenced by North Atlantic sea-surface temperature (SST) than is the Asian monsoon; 
and the Asian monsoon is influenced more by terrain, particularly the Tibetan plateau 
(deMenocal and Rind 1993). Overpeck et al. (1996) outline correlations between the 
timing of certain events in the North Atlantic and changes in the Indian monsoon, and 
argue that Late Glacial - early Holocene changes in the North Atlantic affected snow 
cover and albedo in central Asia, causing the gradually diminishing dominance of glacial 
boundary conditions and the increasing dominance of solar radiation changes as forcing 
factors. However, the generalized timing of the sequence of changes they describe for 
the Northeast Africa/Arabian Sea region do not clearly follow the specific site data 
presented.
Recent research has drawn on high-resolution data to draw a clear picture of the 
timing of both major and minor changes in regional monsoon circulation (Gasse and Van 
Campo 1994; Overpeck et al. 1996). These syntheses have depended heavily on two 
sites in Asia, Rajasthan (Didwana and Lunkaransar) and Western Tibet (Sumxi Co, 
Banggong Co), because these studies are detailed multi-proxy records with good 
chronological control. It is still not clear, however, how representative these two areas 
are of monsoonal precipitation. Problems with direct interpretation of the Didwana 
record have been discussed above. Sumxi Co, presently outside the range of monsoonal 
precipitation, has yielded a record which does fit fairly well with other records from
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farther east on the plateau (Liu et al. 1998; Du et al. 1989), but what is missing now is an 
explanation of the mechanism by which Sumxi Co falls under the influence of the Indian 
Ocean monsoon. Attributing change at that site simply to a strengthening of the 
monsoon skirts the problem of how a steeper sea-land pressure gradient, caused by more 
intense insolation, forced the Tibetan surface low either to shift north, west, or to shrink 
in size to the point where western Tibet received precipitation from the Indian Ocean (or 
from the China Sea?). That Sumxi Co may have received the bulk of precipitation in the 
past from another, non-monsoonal, source is at least suggested by the fact that sites 
much farther north, off the plateau, showed a similar late Pleistocene-Holocene 
precipitation record (Rhodes et al. 1996).
The idea that monsoon changes, especially shifts in the monsoon front, could 
have been time-transgressive through the region has been broached by An et al. (1993b). 
Their review of Chinese sites reveals that the monsoon reached maximum strength at 
different times in different zones within China. Of particular interest here is that 
Southwest China, including Yunnan and western Sichuan, experienced a monsoon peak 
earliest, at ca. 12 ka. The peak in East Central China (e.g., around Hubei) came in at 6 
ka, and along the South China coast as late as 3 ka. Although our review reveals 
different timing for the monsoon maximum in Southwest China, and data from South 
China are as yet inadequate to pin down a maximum, still the idea of a time-transgressive 
monsoon maximum is helpful for illustrating how the Indian Ocean monsoon is not 
necessarily one system, especially not as it affects land areas. Tang (1979) discusses the 
idea of a plateau monsoon, as distinct from the Indian (southwest) monsoon and the East 
Asian (southeast) monsoon. The plateau monsoon may behave differently from
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monsoons driven by Iand-sea pressure gradients, because plateau monsoon flow 
responds to subregional lowland-highland pressure gradients. Much of the moisture from 
this monsoon is recycled from eastern China’s humid lowlands. This subregional 
circulation, mentioned in Trewartha (1981: 184-185), results in maximum upward heat 
flow in the southeastern part of the plateau and subsidence in the northwest. Intra- 
plateau patterns of change in the monsoon regime are discussed by Shen and Tang 
(1996), based on their review of Plateau sites (Tang and Shen 1996). Details of this 
circulation are beyond the scope of this review, but the idea that past monsoon changes 
may have been time-transgressive, as this review has indicated, may be more easily 
explained by considering variations in terrestrial subregional circulation.
2.4.4. Monsoon weakening
The timing of monsoon weakening in the records reviewed here varies with about 
the same chronological range as monsoon onset, but the pattern of change does not 
reveal any clear geographical trend (see Table 2.2). Weakening began earliest (other than 
in the Nilgiris) in the northwest at Sumxi Co/Bangong Co at ca. 7000 cal BP. The record 
from Qinghai Lake ostensibly reveals a late transition to drier conditions (ca. 1500 BP) 
but, as mentioned above, the chronology for that time period at Qinghai Lake is not 
confirmed by any absolute dating. Almost all of the sites reviewed here experienced a 
relatively abrupt change to drier conditions ca. 4000-3500 BP (4400-3800 cal BP). At 
Dunde and Didwana the ensuing 1000-year period was actually drier than present, and 
driest for the entire Holocene. A similar period of maximum aridity in western Tibet 
(Sumxi Co, Bangong Co) culminated ca. 4300 cal BP. At Roergai a major dry period fell 
in the middle of the monsoon maximum, for about 1500 years, centred on ca. 5000 BP
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(5700 cal BP). This period of mid-late Holocene aridity was one of the widespread 
changes identified and discussed by Gasse and Van Campo (1994). Monsoon weakening 
could be viewed as a gradual process if one looks at the region as a whole and finds the 
variance in timing for that event among all the sites (Overpeck et al. 1996). However, 
taking each site record individually, the inferred change from wetter-than-present 
conditions to drier-than-present conditions is often distinct and occurs over only 500-800 
years. That type of change is especially clear at sites on the margins of present day 
monsoon flow, although highland sites in the heart of monsoon flow (Sichuan, Yunnan) 
have changed more gradually. It is difficult to reconcile a change of that character with 
the dominance of gradually waning summer insolation as a forcing factor, because for 
any one of the sites on the margin, the change was not gradual.
2.5. SUMMARY
This chapter has presented a critical review of paleoecological studies addressing 
Late Quaternary monsoon dynamics in South and Southeast Asia, including monsoonal 
China. Because of the complexity of global and regional, atmospheric, marine and 
terrestrial factors forcing long term changes in the monsoon, it is extremely difficult to 
present a clear explanation of past changes. In addition to this theoretical complexity is 
the more mundane problem that available data suffer either from imprecise chronologies 
or poor geographical representation. Generally, it is possible to discern a two-step 
increase in monsoon strength, at 13,000-11,000 cal BP and 10,000-9000 cal BP, 
followed by a period of maximum monsoon precipitation lasting until ca. 5000-3500 cal 
BP. This regime, best reflected in records from the eastern margins of the Qinghai-Tibet 
Plateau, lags by about 1500 years the pattern described for northeastern Africa and the
61
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
Arabian Sea summarized by Overpeck et al. (1996). Whether this time-transgressive 
pattern may be following a west-east gradient, a coastal-inland gradient, or a lowland- 
highland gradient is not yet clear from available data.
Timing of changes does not appear to reflect linear response to global-scale or 
extraterrestrial forcing factors. Many changes were abrupt, and show surprising 
variations within the few subregions which have well-dated records. Based on available 
data, it is difficult to identify more than just a few gradual changes in monsoon 
circulation, but the sites in the middle of the region reviewed here seem to show more 
gradual Holocene changes, i.e., at Roergai, Sichuan, and Yunnan. Although regional 
patterns can be inferred by averaging data from numerous sites, local differences in the 
timing of changes are significant, probably owing to the predominant influence of the 
complex Asian terrain on regional atmospheric circulation.
The major persisting problem is that there are no long, clear, well-dated records 
from land sites well within the Asian monsoon region. Specifically, the areas poorly 
represented by good data are central and northeastern India, southern Tibet, the 
Indochina peninsula, and South China. Some studies described in this review, and a few 
not mentioned, could be useful with improved chronologies; i.e., more radiocarbon dates 
from cores, especially from India, which have already been analyzed for pollen and 
lithology. Although records from sites at the margins of monsoon influence are valuable 
for their sensitivity to changes in monsoon extent, we cannot really be sure what regional 
changes those sites reflect until we know what is happening in the core area of the 
monsoon.
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CHAPTER 3. HUMAN INTERACTIONS WITH THE 
ENVIRONMENT
Prehistorically, humans probably affected the vegetation cover and vegetation 
evolution throughout the study area for several millennia, and the presumed impacts have 
been described in a number of works on the region’s vegetation (Schmid 1974: 43-46, 
164-166; Stott 1988; Wharton 1966). Most of these works describe purported long-term 
effects of swidden agriculture, such as forest clearance and conversion to savanna. 
However, it is important to emphasize that comments in the vegetation summaries 
concerning the long-term effects of human land use are speculative or, at best, deductive, 
and are not based on empirical data. There are no adequately dated, unambiguous 
empirical data that provide a clear picture of how humans have influenced vegetation 
evolution in mainland Southeast Asia. In many paleoecological records, it is extremely 
difficult to distinguish between the primarily climatic factors and primarily anthropogenic 
factors that influence landscape evolution. Such interpretation would be a problem if the 
changes were happening right in front of us (they are, and interpretation is difficult), but 
difficulty of interpretation is compounded in a paleoecological context when available 
records lack the multiple proxies needed for cross-confirmation. The following review 
contributes to a regional assessment of human impacts on the landscapes in Southeast 
Asia.
3.1. ARCHAEOLOGICAL BACKGROUND
Hominid fossils found in Java confirm that Homo erectus was present in 
Southeast Asia during the Pleistocene, but no fossils of this type have yet been recovered 
anywhere on the mainland, south of China (Hutterer 1985; Bellwood 1997). Various
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problems with stratigraphy and dating make it impossible to confirm that any artifacts 
found in the region pre-date the Late Pleistocene (Hutterer 1985), except for two 
possiblities on Java and Flores, and several more in China (Bellwood 1997: 67-68). 
Certain sites previously proposed as establishing material culture in the early-mid 
Pleistocene, Niah Cave in Sarawak, Tabon Cave in Palawan, and Leang Burung 2 in 
Sulawesi need further research to confirm the ages (Hutterer 1985). Confirmed ages of 
Homo sapiens occupation during the period 40-10 ka come from sites in Borneo, 
Palawan, Sulawesi, Vietnam, northern Thailand, Timor, and northern and central 
Philippines (respectively, the sources cited in Hutterer 1985 are: Harrisson 1959, 1965; 
Zuraina 1982; Fox 1970; Glover 1981; Pham 1980; Gorman 1970; Glover 1971; 
Hutterer 1976; Thiel 1980).
The sites in Vietnam referred to here were first excavated and described in 1924- 
26 (Colani 1927), and establish a type of material culture termed the Hoabinhian, after 
Hoa Binh Province where the first described sites are located (see Fig. 3.1). This term 
has subsequently been used to describe a general type (primarily uni-facial flaked tools) 
found at sites all over Indochina and the Sunda-Sahui region, and has, therefore, led to a 
relatively lumped perception of Neolithic culture in the region. Recently Higham (1989: 
34-43) has suggested that the use of the term Hoabinhian should be restricted to sites in 
the Red and Ma River valleys of northern Vietnam from where the material was first 
described, and that other sites, despite the typological similarity of materials, should be 
referred to by their more specific localities. In terms of chronology, the term Hoabinhian 
has been applied to provenances dating anywhere from 35,000 BP to 3500 BP, and this 
chronological lumping is primarily a holdover from a period of research when
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Figure 3 .1. Selected archaeological sites in Mainland Southeast Asia.
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radiocarbon dating was rare or unavailable, and dating depended on morphological 
typologies (Matthews 1966). Again, Higham (1989: 34-43) has proposed that the true 
Hoabinhian be restricted to a period ca. 10,000-3500 BP (9000-2000 BC), and that 
earlier sites, even within the Red River delta (i.e. Son Vi sites, 18,000-9000 BC), be 
ascribed to a more specific geographic-chronological type. However, this nomenclatural 
suggestion cannot affect the huge body of literature which refers to numerous neolithic 
sites throughout Southeast Asia as Hoabinhian. Discussion of the Hoabinhian here is 
pertinent because it brings to light a level of social organization and tool use which may 
have been necessary for significant landscape alteration.
Archaeological studies of these relatively early sites have focused on description 
and analysis of the typology of the tools and other materials, so analysis of study area 
paleoenvironmental conditions has not been systematic. In some cases the description of 
faunal remains are used to infer local environment, but the habitat preferences of many of 
the terrestrial animals referred to are ambiguous. This trend for archaeological research 
to infer environment only indirectly holds true for sites of more recent age also, with a 
few notable exceptions discussed below. The problems with sparsely distributed material 
and poor chronological control do not mean that there were no people in the study area 
before the late Pleistocene, but it makes it impossible to discuss human-environment 
interactions with any confidence.
Chronological problems also affect the classification of sites within Cambodia. 
One site, originally taken to represent mid-Pleistocene occupation on terraces along the 
Mekong River (Saurin 1966), probably is more recent, the original age being dependent 
on questionable stratigraphy in fluvial deposits. The site in Cambodia showing the
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longest occupation and use is Laang Spean, a limestone cave in northwestern 
Battambang Province (Mourer and Mourer 1970; Mourer 1977). Here flaked tools are 
dated to ca. 8750 BP, and pottery is dated more securely to 6240 BP. Pollen samples 
from the cave, however, are given only cursory mention, and their stratigraphy is vague. 
Lower sediments contain mostly tree pollen and the upper layers contain more 
Gramineae and fem spores. There is no published diagram, so the pollen offers little 
information about either environmental conditions or changes through time (Mourer 
1977). A number of other sites in Cambodia also yielding flaked tools are of uncertain 
age, with radiocarbon dates being extremely scarce in these pre-1970 studies (e.g. 
Mansuy 1902, Levy 1943, cited in Higham 1989). The chronology is further clouded by 
the fact that the few sites subject to radiocarbon dating suggest that some “early” forms 
of stone working (pebble and unifacial flaking) have persisted until relatively recent times 
in Cambodia, so lithological facies cannot necessarily be used to identify distinct cultural 
periods (Mourer 1977).
Archaeological research has yielded two important observations concerning 
changes in human settlement in the study area. First, although there are still a number of 
unresolved questions, the most widely accepted current theory identifies a major 
movement of people through the Sunda-Sahul region and into Australia and Melanesia at 
ca. 40-50 ka (Bellwood 1997: 309). The geographic and genetic origins of those 
travelers are still open to question, but the fact that many of the western and central 
islands of the archipelago first show signs of settlement and early (Hoabinhian) stone 
working in that period leads researchers to believe that the migration was regional in 
scale and, therefore, should have affected the Southeast Asian mainland. There is also a
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suggestion, based on a combination of genetic and cultural characteristics of the modem 
regional population, that the source area may have been the mainland (Baer 1995), 
although out-migration more securely attributed to that area mostly happened later 
(Bellwood 1997: 83-89).
A second major migration, this one traceable linguistically, occurred ca. 4000- 
5000 BP. People speaking an ancestral Austronesian language seem to have dispersed at 
that time out of Taiwan (and southern China?) and spread throughout Southeast Asia 
over the following 2000-3000 years (Bellwood 1997: 310-313; Hickey 1982: 44-53). 
Although this expansion was primarily through insular Southeast Asia and Oceania (and 
Madagascar), it affected mainland Southeast Asia. Some researchers put the date of this 
expansion into mainland Southeast Asia as ca. 3000 BP (Bellwood 1997: 88).
The Jarai and Ede (or Rhade) peoples are the only Austronesian speaking 
peoples on the mainland, north of Malaysia. They now live in the forested uplands on the 
border of Cambodia and Vietnam, within 50-100 km of the sites under study here, and 
several historical texts document tributary relations with Khmer kings that date at least 
to 1601, probably much longer (Hickey 1982: 136-143). This implies long occupation in 
the highlands, and begs the question of whether there exist, in the present day, modem 
(agri)cultural analogues for land use patterns reflected in the fossil pollen record. 
Although this link is tenuous, it suggests a perspective on the longevity of current land- 
use practices in the study area. More will be said on this in the next chapter, in discussion 
of the setting of the study sites, and in chapter 6, where modem indigenous land use is 
described.
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Recent archaeological research in northeast Thailand and Cambodia has focused 
increasingly on understanding and analyzing site environmental conditions (Kealhofer 
1996a; Stark, pers. comm.), and that approach has been pursued at one of the most 
comprehensive of archaeological projects in mainland Southeast Asia. Khok Phanom Di 
is a site now located 22 km from the coast of the Gulf of Thailand, but which 
prehistorically supported a large and well-organized coastal community. The research 
effort includes taking sediment cores from a number of locations in and around the 
excavation (Maloney et al. 1989; Maloney 1991). The stratigraphic records show a sharp 
peak in charcoal as early as 6400 BP as sea level receded. But for that period, the main 
pollen input indicates continuing dominance of mangrove taxa in the local vegetation. A 
later peak in charcoal, at 5500 BP, coincides with an abrupt surge in Gramineae and 
decreases in the mangrove taxa, suggesting a final regression which put the site on dry 
ground. Most of the Gramineae pollen found in this layer have the size and surface 
patterning characteristic of cultivated rice, and other pollen types belong to a suite of 
common rice field weeds (Maloney et al. 1989). When the site was inhabited at 3500 BP, 
it was still located close enough to the coast to allow exploitation of marine resources 
(for which evidence is abundant in the settlement layers), in combination with wetland 
rice. These pollen and charcoal data suggest that land was cleared by burning, possibly 
for rice cultivation, as soon as sea level receded to where field water would not be 
brackish, i.e. at 5500 BP. This tentative suggestion of early rice cultivation is echoed by 
data from Lake Kumphawapi, discussed below. At present, though, there is not enough 
supporting evidence to confirm rice cultivation, because the pollen, of both Oryza and 
rice field weeds, could come from a natural marsh, where, even today, rice grows wild.
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However, when the record shows site settlement 2000 years later, rice remains are 
immediately abundant in the setting, implying that it had already been cultivated for some 
time.
Efforts to better understand site environmental conditions has led to a 
generalized model which helps to bring other archaeological sites on the mainland into 
focus. White (1995) shows that early large settlements in northeast Thailand (e.g., those 
near Ban Chiang and Kumphawapi) occupied sites at the confluence of medium-sized 
tributaries to the major rivers, particularly the Chi River. This pattern is found to some 
extent also in the Red and Mun River valleys (Higham 1989). Such sites provide ready 
access to flowing water, but avoid problems with major flooding that could be 
encountered on the main streams. Furthermore there is a preference for lower terraces, 
not high terraces where water supply can be limited in the early dry season, nor 
floodplains where villages could be washed away in the rainy season. This geomorphic 
site preference includes vegetation consisting of a relatively dense variant of mixed 
deciduous forest, where soils are periodically flooded for only short periods of time.
Such sites are easily adaptable to wet-rice cultivation, being only slightly modified 
(dammed) from the conditions supporting wild rice now. Wetter sites and sites with 
more fertile soils were/are not necessarily preferred, perhaps because of an increased risk 
of malaria (White 1995). In northeast Thailand, an environment climatically and 
vegetationally analogous to two of the sites sampled for this study, there is no evidence 
of prehistoric or current lakeside settlement (White 1995). This model of settlement site 
preference and associated land use should be considered when assessing the fossil pollen
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and charcoal provenance of sediment coring sites. More is said on this topic in Chapter 
6, in reference to sites cored for this study.
3.2. PALEOECOLOGICAL STUDIES
Turning from archaeological studies to those more focused on environmental 
conditions, it is useful first to establish the types of proxy data used to infer human 
influence on the landscape. Flenley (1988) lists six indicators from palynological 
sequences whose initial appearance (moving up the sequence) marks human impact: 1) 
increase in the abundance of pollen from secondary and pioneer forest arboreal taxa; 2) 
increase in pollen from herbaceous taxa, as long as that increase is not reflecting a 
natural succession to open marsh conditions; 3) increase in the occurrence of cultivated 
plant pollen; 4) abrupt changes in sediment physical characteristics which suggest erosion 
from cleared land; 5) charcoal, indicating burning; and 6) macroscopic remains of 
cultivated or disturbance-related plants. This last indicator is most commonly used in 
archaeological research, and usually is not included in palynological analysis, although 
data of this type certainly can be useful to palynologists. Reliance on the other indicators 
varies among the studies discussed below.
The research reviewed in the previous chapter showed few attempts to work out 
the degree of human influence on the inferred vegetation changes. However, some 
observations from those articles address the interplay between climate dynamics and the 
environmental conditions which may have encouraged or discouraged human settlement 
in this region during the late Quaternary. Bryson and Swain (1981), in discussing 
conditions in Rajasthan, around Lake Didwana, note that the last period of dessication 
there (ca. 3500 BP) coincided with the decline and eventual disappearance of the Indus
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Culture. Whether that collapse was a result of climate change or whether the peak of the 
civilization brought on local vegetation changes which may have exacerbated the 
climate-forced drying has been debated for years, especially in light of roughly similar 
environmental changes in the Mayan area. However, the new data from Enzel et al. 
(1999), with a more precise chronology, clearly indicate that the Indus/Harappan 
civilization arose after the major decrease in regional precipitation. The suggestion here 
that increases in settlement size and elaboration of social organization do not necessarily 
arise in the wettest, most biologically productive settings echoes the model of White 
(1995).
During the late Pleistocene, Central India was apparently too dry for riparian 
settlements in the Son and Belan Valleys, but sporadic finds of artifacts in more recent 
strata suggest not only settlement there by 10,000 BP but, by 4000 BP, incipient 
agriculture (Williams and Royce 1982; Williams and Clarke 1984). There, the late wet 
period ended by 3000 BP. In southern India, unambiguous cultural indicators are not 
found in the pollen signal, but researchers suspect that swidden cultivation may have 
been an important influence on the highland vegetation for as much as 10,000 years 
(Gupta and Prasad 1985).
In Yunnan Province, China, Sun et al. (1986) remark that although 
archaeological research has shown settlement in the Lake Dianchi basin for 10,000 years, 
the pollen record shows very little evidence of major disruption of the vegetation until 
ca. 1500 BP. At Dianchi, the evidence for this late change comes from pollen and 
excessive sediment deposition resulting from basin erosion. There is no charcoal record 
for this or any of the other records from China, so, in a few cases, we are left wondering
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whether vegetation changes at ca. 5000-3500 BP are properly attributed to a drying of 
the climate (Jarvis 1993; Li and Liu 1988), or whether anthropogenic fire may have been 
involved in the vegetation shift.
It would be useful to determine a more nearly standard interpretation of distinct 
surges in pteridophyte spores in the Southeast Asian records, or to determine whether 
more taxonomic detail is needed in interpreting spore records. Van der Kaars (1991) has 
suggested that they indicate relatively humid conditions in the Sahul Shelf region, where 
a surge in spores coincides with climatic change to wetter conditions. But in the Asian 
monsoon region it may not be appropriate to take pteridophyte spores simply as 
indicators of moist conditions. Paleovegetation studies from South China have found a 
close association between periods of fern dominance (mostly Dicranopteris spp.) and 
historically confirmed human disturbance (Liu and Qiu 1994), and this conclusion is 
echoed for Oceania (Kirch 1991, cited in Maloney 1996) and Central America (Brady, 
pers. comm.). In the review of the previous chapter, interpretation of a pteridophyte 
surge is critical in several studies (Sun et al. 1993; Lei and Zheng 1993; Huang et al. 
1997; Kealhofer and Penny 1998). But the interpretation is not consistent, being 
attributed variously to wet conditions or as a response to fire, and in none of those cases 
is anthropogenic disturbance identified as a factor.
The fact that the Yunnan pollen record does not reflect early human occupation 
(Sun et al. 1986) highlights another problem with interpreting records from tropical 
forest areas, which likely will continue to be a problem as new data come in from 
Southeast Asia, Amazonia and Central Africa. Basically, swidden cultivation, the “canny 
imitation of nature” (Geertz 1963) which is a prevailing mode of subsistence in tropical
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forests, can be practically undetectable in the pollen record. In northern Thailand, where 
Spirit Cave deposits show probable early domestication of plants, there is no evidence 
for widespread landscape change (Gorman 1970; Solheim 1970). Most of the sites in 
Sumatra, discussed below, show early vegetation changes which might possibly reflect 
forest farming, but the changes are not extreme enough for most analysts to confirm 
them as human impacts (Maloney 1985, Newsome and Flenley 1988). The bias that 
indigenous land use causes extreme and obvious environmental impacts not only affects 
the interpretation of paleoecological records from tropical forests, but also negatively 
reinforces the present-day perceptions and attitudes of decision-makers regarding forest 
use customs among indigenous peoples.
Lake Kumphawapi in northeast Thailand is the only true lowland, non-coastal 
Southeast Asian site with an adequately dated record. In cores with the pollen record 
beginning at ca. 9200 BP, Penny et al. (1996) and Kealhofer and Penny (1998) find a 
significant change in the pollen and phytolith assemblages at ca. 8800-8600 BP. The 
change, including a charcoal spike, indicates abruptly increased burning, particularly of 
bambusoid type grasses. Kealhofer (1996b) attributes the burned bambusoid-type grass 
phytoliths to a dry deciduous forest setting, including Pinus. As burning decreases in the 
8600-6000 BP period, Pirns decreases. Later, after ca. 6000-5500 BP there is another 
higher spike in charcoal followed by an increase in Pinus, monolete fern spores and 
Cyperaceae, the latter two reflecting development of floating mat vegetation as lake level 
apparently rose. A question arises as to why, if the floating mat vegetation indicates a 
higher water level resulting from increased mean annual precipitation, do other indicators 
point to a drier, more fire-prone environment? Kealhofer and Penny suggest that the
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burning is attributable to human activity in a monsoonal environment, although the 
burning is not for swidden cultivation but to facilitate hunting and travel in the dry forest. 
A subsequent increase in burned Oryza-type phytoliths and those of rice paddy weeds is 
tentatively attributed to intensification of rice agriculture. However the change may also 
signal reversion to a drier climate, as Oryza species are known to grow wild in the area, 
in seasonally marshy habitats where the weeds are the same as in paddy. Such an early 
date for rice cultivation in this area is controversial, as archaeological evidence can 
confirm rice cultivation in northeast Thailand only by ca. 4000 BP (Maloney et al. 1989). 
Although it is tempting to attribute certain changes in this record to human activities, 
none of the evidence really confirms that those changes were not caused by physical 
factors, i.e., climate and lake development.
Moving outside the Asian southwest monsoon region, the longest related records 
addressing human-environment interactions come from tropical northeastern Australia.
In a series of articles Kershaw (1974, 1986, 1994) argues that vegetation changes 
reflected in the long palynological records from three sites show that widespread burning 
affected vegetation at the sub-regional (northeast Australia) scale. The records from the 
Atherton Tableland cover at least the last two glacial-interglacial cycles, i.e. the last
160,000 years. A change from fire-sensitive Araucaria-dommaXcd rainforest to fire- 
supportive sclerophyll forest around the beginning of the last glacial (38-26 ka) reflects a 
regional vegetation adaptation to increased burning, and the timing of that change 
coincides with accepted evidence for the first human occupation of Australia (Kershaw 
1986). Such a change is not found at the beginning of the previous glacial, when rain 
forest angiosperm taxa gave way to Araucaria and other rainforest gymnosperms during
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the relatively cool, dry period. More recently, an ocean core record, which extends the 
chronology and broadens the geographical coverage, suggests that the loss of the 
Araucaria rainforest actually came earlier, ca. 140 ka. That change suggests earlier 
occupation of Australia and conversion of its forests (Kershaw 1994), timing which is 
controversial (see various articles in Tapper et al., in press). If we set aside the date of 
140 ka as unconfirmed for now, we still see a convergence of 1) inferred regional 
vegetation change with 2) a marked increase in burning, and 3) secure dates for early 
human occupation of the area, all of which strongly point to regional human impact on 
landscape by 40 ka. That situation could be related, via the migration patterns described 
above, to landscape changes in both insular and mainland Southeast Asia.
The northern Australian records are of prime importance for two reasons. First, 
the time span allows comparison of two analogous periods in the same overall glacial- 
interglacial cycle, which do not both show the same response to cooling and drying of 
the climate. That strongly suggests that the latter change is not climate-controlled. The 
second reason is because they represent an area which, in terms of human migration, is 
probably downstream from the study area for this research. This leads us to wonder 
whether extensive burning strategies were not first adopted on the Asian mainland.
Further records to embellish the equatorial picture are reviewed by Maloney 
(1985) and Flenley (1988), and updated by Maloney (1996) (see Table 3.1). As 
mentioned in the last chapter, Maloney finds that the palynological record from highland 
Sumatra may hint at early impacts of humans as far back as 17 ka (Maloney 1980). 
Evidence for forest disturbance is clearer as secondary and pioneer pollen types, along 
with some charcoal, show up in records from Pea Bullock and Pea Sim-Sim at 8000 BP
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Table 3.1. Selected sites showing human impacts on the local environments
General
Location










































Danau Padang Morley 1982 >4000 2500
Central
Sumatra



















Lake Shayema Jarvis 1993 1000
Western
Fujian
Daiyun Mts. Liu and Qiu 
1994
1100
* Numbers represent C-14 yrs BP
and 6500 BP, respectively (Maloney 1996). Morley (1982) finds forest disturbance taxa 
coming into the Danau Padang record sometime before ca. 4000 BP along with the 
possible cultivar Arenga, although the chronology from that site is not well resolved and 
no charcoal data are available. The same problems hinder interpretation of the record 
from Danau di-Atas (Newsome and Flenley 1988), where forest disturbance seems to 
have increased at about 8200 BP, and swamp forest clearance occurred sometime after 
7500 BP.
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A more consistent picture is possible for actual forest clearance in highland 
Sumatra, which seems to have occurred at 2500 BP at Pea Sim-Sim, Pea Bullock, and 
Danau Padang (Maloney 1996; Morley 1982). To compare this pattern with sites on the 
mainland, similar clearance is found at 1500 BP in Yunnan, 1000 BP in Sichuan and 
1100 BP in Fujian (Sun et al. 1986; Jarvis 1993; Liu and Qiu 1994).
Records from highland sites in New Guinea also show early human impacts. At 
Lake Hodorli in Irian Jaya burning began about 11,000 years ago (Hope and Tulip 
1994). The record from a rock shelter at Ijomba shows charcoal first occurring at ca.
10,000 BP, probably associated with hunter-gatherer activities (Hope and Peterson 
1976, cited in Flenley 1988). The peak in charcoal at that site, associated with a strong 
peak in Gramineae, occurs at ca. 5000 BP, indicating forest clearance. At Sirunki 
swamp, forest disturbance begins at ca. 4000 BP (Walker and Flenley 1979), but the 
recent sections of the core, dating to 2000-1200 BP, actually show recovery of mature 
forest. At Inim, disturbance begins at 1600 BP (Flenley 1988). Archaeological evidence 
confirms early agriculture at Kuk swamp after 6000 BP, and disturbance of the swamp 
surface suggests agriculture as early as 9000 BP at that site (Golson 1977, cited in 
Flenley 1988), but there may be a problem with the materials used for dating.
Table 3.1 summarizes inferred impacts of humans for selected, reasonably well- 
dated, palynological records from the region. Some of the periods cited here either come 
up in the sequence of climatic changes discussed earlier, or they will be echoed in the 
original data from Cambodia discussed in Chapter 5. The date 10,000 BP falls into the 
range of one major step in the Pleistocene-Holocene climatic transition, discussed in 
chapter 2. But it also is a period of rapidly expanding Hoabinhian culture, where in-
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migrating peoples and/or new tools may have had some effects on land use and 
environment. Forest disturbance at ca. 4000 BP, in central Sumatra and highland New 
Guinea, could be due to a subtle drying of the climate and increase in natural fire activity, 
but also coincides with expansion of Austronesian speaking peoples through the region, 
possibly carrying with them new land-use practices. Similarly, 2500 BP is an important 
general period, for continued expansion of Austronesian speakers, the introduction of 
iron-working, and the rise of social settings oriented to centralized chiefdoms on 
mainland Southeast Asia (Higham 1989: 190-238).
There are several problems with trying to devise a regional picture of human 
impacts from the available data. Data from more widely distributed sites, with high 
resolution chronologies, would help enormously. Even though analysis of the existing 
data is thorough and the results from the two sub-regions are integrated, nonetheless the 
sampling is clumped in Sumatra and New Guinea. All sites are in highland settings, 
despite the claim that Lake Hodorli, at 780 m asl on the slopes of the Cyclops 
Mountains, is a lowland site. Lowland settings should be of prime importance for 
analysis of regional patterns of human land use. Sauer (1952: 23-24) outlined the reasons 
in his seminal work on agricultural origins, namely that riverine settings, except those 
subject to frequent flooding, should have been preferred for the earliest plant 
domestication. It is one thing to say that one or a few particular highland sites show 
disturbance or land clearance by 4000 BP; it is something else to use such a pattern from 
highland sites to infer migration, settlement and/or land use in the region as a whole. Of 
course it is impractical to find and study drowned coastal settlements dating to before ca. 
7000 BP, when sea level recovered to near its present level. But that being the case,
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reviewers of the regional situation should acknowledge major gaps in the data and how 
those gaps affect our understanding of the history of land use.
Another problem in these studies is the consistent assumption that both forest 
disturbance and fire are anthropogenic. The only alternative cause considered is volcanic 
activity (Newsome and Flenley 1988). The assumption is understandable if we consider 
rain forests to be bastions of long-term environmental stability, but recent research has 
shown that equatorial rain forests are, in fact, subject to climate-induced burning 
(Goldammer and Seibert 1990) and other relatively frequent disturbances (Foster 1980; 
Whitmore 1984: 217-237). Although the recent spate of equatorial fires causing urban 
haze were blamed on land clearance (Pardomuan 1997; HKS 1997; IPS 1997), climate 
fluctuations like El Nino-Southern Oscillation (ENSO) also increase fire susceptibility in 
areas with patches of primary forest, like central Kalimantan. This relatively new 
perspective on tropical forest dynamics has fostered several paleoecological studies 
which emphasize that a long history of forest disturbance and burning is not necessarily 
attributable to human activity (Folster 1992; Behling 1997; Turcq et al. 1998). Such a 
perspective applied to the Sunda-Sahui region might yield a summary of forest evolution 
different from that furnished by the studies cited above.
3.3. SUMMARY
Neither the sparse geographic representation of these pieces of evidence nor the 
difficulty in interpreting subtle changes in the pollen and the few charcoal records allow 
sweeping conclusions about the environmental conditions for human settlement and 
migration. The records do show large-scale burning in northern Australia as far back as
38,000 BP, and in New Guinea by 11,000 BP. The combination of archaeological and
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paleoecological research has found evidence for settlement over much of the region by
10,000 BP, possible anthropogenic forest modification by 5000-4000 BP, and numerous 
confirmed instances of land clearance for agriculture by 2500 BP. These latter two 
changes are contemporaneous with a major out-migration of peoples from southern 
China, and the last period overlaps with the beginnings of Chinese and, especially, Indian 
influence over social organization in the Southeast Asian mainland. Throughout the 
region, sea level was receding from a ca. 4-5 m highstand by 3000 BP (Geyh et al.
1979), and in most sites covered here, climate at that time was receding from an Early- 
to Mid-Holocene monsoon maximum. Although proxy data still offer only a murky 
picture of environmental conditions in mainland Southeast Asia, the inferred patterns of 
migration, settlement, forest disturbance and use of fire are long-term and extensive. This 
situation demands that human impacts on the landscape be seriously considered in any 
paleoecological research in the region, at least through the Holocene.
81
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 4. STUDY AREA AND RESEARCH METHODS
This chapter describes characteristics of the study area and the procedures 
followed to obtain and analyze the information and physical material used in this 
research. The description progresses from a general view of regional physical features 
and processes, to local conditions surrounding the lake sites, to the specifics of fieldwork 
and laboratory analysis. Results of the analytical procedures described in the latter 
portion of this chapter are discussed in the following chapter.
4.1. STUDY AREA
This section reviews selected aspects of the physical geography of the study area. 
Regional climate and atmospheric circulation patterns are covered first, focusing on the 
Indochina peninsula. That is followed by discussion of the aspects of geology, terrain, 
and soils as they pertain to evolution of vegetation around the study sites, followed by a 
summary of vegetation types. Finally, there is a brief summary of what is known about 
the history of human settlement and land use in northeastern Cambodia. Figures 4.1 and 
4.2 show the locations of features discussed in the text.
4.1.1. Atmospheric circulation and climate
The study area occupies a position at the southeastern margins of the Asian 
monsoon region, as defined in Chapter 2 (Fig. 2.2) and in Ramage (1971). Climate is 
clearly monsoonal, and follows a seasonal calendar similar to those of South China and 
India. Most of the Indochina peninsula, including Thailand, falls under Koppen’s Aw 
climate class (warm throughout the year, with a distinct winter dry season). Exceptions 
include the highland areas of southwestern Cambodia and the Thailand-Burma border, 
classed as Am (warm and monsoonal, but with less moisture stress than Aw); and the
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Figure 4.1. Locator maps for places mentioned in the text: a) Countries of continental 
Southeast Asia; b) Eastern Cambodia, with provinces, major towns, and major rivers.
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Figure 4.2. Selected physical features o f  mainland Southeast Asia.
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Annamite highlands along the Laos-Vietnam border, where cooler temperatures put the 
area in a Cwa class, continuous with southwestern China (cool winters, warm summers, 
winter dry season). Precipitation patterns are shown in Figures 4.3 and 4.4.
Understanding of the atmospheric circulation over the study area is limited by the 
scarce and short-term nature of observational data, compared to China and India. 
Following the general pattern for east Asian monsoon circulation, summer surface winds 
are southwesterly, winter surface winds are northeasterly. The source areas of these 
monsoon winds, the Indian Ocean and western Siberia, respectively, control the moisture 
content of the monsoons and, therefore, the majority of precipitation patterns over the 
region (Nieuwolt 1981), with exceptions outlined below.
The summer southwesterly monsoon rains over Indochina generally begin in mid- 
late May, peak in August and September, and end in late October. There is typically a 
dry period in southern Indochina for about 2-3 weeks in July. Cool, dry, northeasterly 
winds begin in late November, and minimum precipitation is found in January. From late 
February on, northeasterly flow gradually tapers off and temperatures climb to peak 
values in April. The interplay of temperature and precipitation leads to a general 
consensus in the region distinguishing three major seasons, rainy (late May-October), 
cool (November-February), and hot (March-early May), the latter two together 
comprising the dry season.
The Indochina peninsula is located near the convergence of two major low-level 
wind streams: the equatorial westerlies, which coincide with the summer southwest 
monsoon, and the north Pacific (easterly) trades (Trewartha 1981: 199-201). The zone 
of convergence shifts through the year, and variations in the position of the convergence
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Figure 4.3. Precipitation in mainland Southeast Asia.
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Figure 4.4. Length of dry season in mainland Southeast Asia. A dry month is defined as 
having precipitation (mm) less than twice the mean temperature (degrees Celsius).
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account for a major part of the annual variation in precipitation. The summer dominance 
of the southwest monsoon is due to a northward shift of the intertropical convergence 
zone (ITCZ), coinciding with equatorial westerlies, which brings westerly flow as far 
north and east as southern China and the Philippines. The combination of the (north- 
south) land-sea pressure differential with the westerlies results in the strong 
southwesterly flow of the summer monsoon, originating from the Indian Ocean. As the 
ITCZ shifts southward in the winter, it not only clears the way for northeasterly dry 
monsoon winds coming out of the Siberian High, but also allows the expression of 
weather related to north Pacific easterlies. The transition period leading into the winter 
monsoon is a time when tropical storms and typhoons are likely to be felt in mid- 
southern Indochina, although they can also occur in the hot season. Easterly waves also 
bring disturbances to the region in the dry season (Trewartha 1981: 203), and these are 
more likely to be felt in the eastern portions of the Southeast Asian peninsula, due to its 
proximity to the western Pacific.
Winter climate is subject to upper-level convergence of two streams: the 
southern branch of the split westerly jet stream coming across from northern India and 
Burma, and a more southwesterly stream coming from the Bay of Bengal (Trewartha 
1981: 201-202). This high-level convergence over Indochina usually translates into 
subsidence and low-level divergence, causing the clear weather typically associated with 
the winter monsoon. But occasionally the disturbances breaking out over northern India 
in the winter travel downstream and cause severe weather over Indochina, in the middle 
of the cool season (Trewartha 1981: 202).
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The periods October-December and March-May are transitional, with occasional 
precipitation due to non-monsoonal factors. Although the major air streams are still 
present in the region, they do not account for consistent surface winds (Nieuwolt 1981). 
Significant precipitation during the autumn transition in October-November is caused by 
convergence between the retreating southwest monsoon and the advancing northeast 
monsoon. That convergence partially accounts for an annual precipitation peak in the 
months of October (Phnom Penh) and November (coastal Vietnam) in the southern part 
of the peninsula. Generally, though, the regional precipitation at this time is controlled by 
more local factors, such as orographic lifting or the diurnal patterns of land-sea breezes 
and mountain-valley winds. The major precipitation events that occur during these 
transition periods are due to tropical depressions and storms moving in from the western 
Pacific.
Upper level circulation seems to play a role also in summer precipitation. By 
May, the westerly jet stream has moved north of the the Tibetan plateau, and is replaced 
over Indochina by the easterly jet stream which carries across to northern India and 
beyond (Ramage 1971; Nieuwolt 1981). Its position varies between 10° and 25° N 
through the season, and that variation is related to the wavelike nature of monsoon 
precipitation in the area. The southwest monsoon is deep. Over Indochina the circulation 
extends up to 12,000 m (Nieuwolt 1981), much deeper than the winter monsoon. 
Although wind speeds are, on average, lower during the southwest monsoon than 
northeast monsoon the direction is more consistent. Disruptions to the dominant 
monsoon flow, such as the winter disturbances tracking from the west mentioned above, 
are rare during the summer monsoon. Convection, orographic lifting and, occasionally,
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cyclonic disturbances all play a role in the variable nature of summer monsoon 
precipitation, but those factors do not determine the overwhelming dominance of 
prevailing southwesterly surface flow.
Precipitation is governed strongly by terrain. Throughout the region areas in the 
lee of mountain ranges may experience relatively little rainfall in the wet season, 
compared to windward mountain slopes. Figure 4.3 shows this pattern clearly, where 
maximum mean annual precipitation is found on the maritime southwest slopes of the 
Cardamom Range (Phnom Kravanh), and in the Annamite Range, while some of the 
driest places in Cambodia are located in the Tonle Sap basin, immediately northeast of 
the Cardamoms. The rain shadow effect is actually stronger than maritime influence in 
the lee of the Annamite Range, where a band of coastal stations in southeastern Vietnam 
experiences less than 1000 mm mean annual precipitation.
As indicated by the Koppen classes for this region, there is little variation in 
temperature through the year. Most temperature variation can be attributed to maritime 
vs. continental influences, where continental and highland stations show a wider range of 
both mean daily and mean monthly temperatures. A transect of temperatures shown in 
Table 4.1 runs from the coast in the southwest to the Mekong uplands near the Lao 
border in the northeast. The figures show quite small variations, but with wider annual 
range at the inland stations.
4.1.2. Geology
Detailed reviews of the geology of the Indochina region are given in Fontaine and 
Workman (1978) and Hutchinson (1989), sources on which this summary is based. As in 
other fields of research, the understanding of the geological evolution of the region is
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Table 4.1. Temperatures of selected stations in and around Cambodia
Station warmest month, 





Data ft. Gaussen et al. 1967
Sihanoukville, SW coast 27.8 27.1 20.5
Phnom Penh, central 27.8* 25.2 13.3
Stung Treng, NE 27.1* 24.3 9.5
Data from Nieuwolt 1981
Ha Tien, SW Vietnam coast 28.0 25.7 17.1
Phnom Penh, central 29.4 25.8 14.0
Kratie, NE 29.7 24.9 9.5
Pakse, SE Laos 29.4 23.9 8.2
* Figures of Gaussen et al. for the inland hot season monthly mean seem too low. but no explanation is 
offered.
limited by a shortage of data. The war years made access to many areas impossible, and 
peacetime political tensions have continued to restrict access for scientific survey work in 
some areas, notably Laos. However, the basic picture is as follows.
Continental Southeast Asia, south of the Red River and east of the Chao Phraya 
Valley, belongs to a geological unit known as Indosinia. The core of this unit is the 
Kontum Massif, presently a highland of Archean and Proterozoic metamorphic rocks 
centered in the central Vietnam highlands, just northeast of the study area. The Kontum 
Massif is composed of the oldest rocks in Southeast Asia, mostly sillimanitic gneisses 
and other migmatitic rocks, of which probable outliers are also found in western 
Cambodia (Pailin) and southeastern Thailand. The massif probably underlies much of the 
adjacent continental shelf of the South China Sea and areas to the west of the massif, but 
the depth of more recent sediments makes confirmation of its full extent impossible.
Following a relatively quiet lower Paleozoic when most of the area was above 
sea level, significant periods of both uplift and marine deposition occurred in the lower
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Carboniferous and the Triassic. The Carboniferous saw the uplift and folding of the 
Truong Son belt, known in English as the Annamite Range, extending northwest of the 
Kontum Massif. Hutchinson (1989: 151) finds evidence that this period also saw the 
collision of Indosinia with the South China block of the Asian (or Cathaysian) plate, 
along the Red River, or Song Ma fault. That view is disputed by Sengor and Hsu (1984, 
cited in Hutchinson 1989: 149-151) and Fontaine and Workman (1978) who say that 
that collision, which marked the closing of the Tethyan Sea, occurred in the late Triassic.
Permian shallow marine deposition on the periphery of the Kontum Massif led to 
formation of limestones which evolved to the extensive karstic landscapes of central and 
southern Laos and central western Vietnam. In southern Laos, and extending south into 
northeastern Cambodia, the limestones are interlayered with terrigenous sandstones. This 
occurs near Stung Treng, Kratie and Lumphat in Cambodia (Fontaine and Workman 
1978: 552-553). The Permian limestones are common also in northwestern Cambodia.
Beginning in the early Triassic, much of Indosinia was subject to marine 
deposition, which resulted in the large areas of acid sandstone and shale bedrock that 
underlie eastern Cambodia and northeastern Thailand, and which form the core of the 
Cardamom Mountains (Fontaine and Workman 1978: 553-554). Eastern Cambodia 
forms the largest expanse of these unfossiliferous and undifferentiated sandstones and 
shales.
From the Triassic up until the present, a complex series of tectonic events has 
resulted from the gradual shifting of Gondwanic fragments in their collision with the 
Asian continent. The most important of these pieces is what Hutchinson refers to as 
Sinoburmalaya, which, as the name implies, includes parts of western Malaya, the
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Tenasserim isthmus, most of eastern Burma, and part of southwestern Yunnan Province, 
China. This section collided with the Asian plate in the late Triassic. Audley-Charles 
(1983) argues that both the block including northeastern Vietnam and also the Indosinia 
block broke away from northern Gondwana in the Permo-Triassic, both colliding with 
the Asian plate in the late Triassic, but this is the only reference suggesting that Indosinia 
was ever Gondwanan. As with the Indian plate, which collided with Asia in the Eocene, 
Sinoburmalaya is still moving, which accounts for frequent earthquakes along the 
Thailand-Burma border and the Shan highlands in the present day. This continued 
shifting is probably also driving movement along the Song Ma fault (following the Red 
River), another location with frequent earthquakes (Hutchinson 1989, 143).
Following the Mesozoic, most of the Indochina region remained sub-aerial. Many 
areas were subject to uplift and folding, e.g., the Cardamom and Elephant Ranges in 
Cambodia and the Khorat Plateau in northeast Thailand. Portions of Indosinia including 
the Gulf of Thailand and the South China Sea subsided during the Tertiary. The Tonle 
Sap basin in central Cambodia dropped down as a graben in the Quaternary. This late 
block faulting may have re-directed the course of the lower Mekong, away from its 
previous mouth at Kampot (Fontaine and Workman 1978: 576). The Quaternary has also 
seen copious sedimentation of “old alluvium” in the three major river valleys, the Chao 
Phraya, the Tonle Sap-Mekong, and the Song Hong (Red River) (Fontaine and 
Workman 1978: 570-576). “New alluvium” is late Pleistocene-Holocene in age.
Volcanic activity has made significant impacts on the landscape. Before the 
Quaternary, the period of most evident vulcanism was the Triassic, when predominantly 
rhyolitic lavas were extruded over several places in southern Laos, central Vietnam, and
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northeastern Cambodia. A plateau of rhyolitic lava extends east from the Mekong River, 
following the Lao-Cambodia border (Fontaine and Workman 1978: 579).
By far the more active period of vulcanism, and the one affecting soils and 
vegetation in the study area, occurred during the Pleistocene. A belt of basaltic lava 
flows stretches from extreme southern Vietnam to central Laos, with outliers occurring 
through the Khorat Plateau and north to near Chiang Mai, Thailand. The largest of these 
flows cover areas in Cambodia’s Mekong Valley (Kampong Cham province), the Haut 
Chhlong, Bokeo and Pleiku plateaus in northeastern Cambodia and adjacent highlands of 
Vietnam, and the Bolovens Plateau of southern Laos (Whitford-Stark 1987). Earlier 
flows are tholeiitic (relatively more acid) and, based on both measured ages and 
stratigraphy, date to the late Miocene-early Pleistocene (Nguyen 1982, cited in 
Hutchinson 1989: 291). The upper surfaces of some of these early flows are weathered 
to bauxitic laterites, covered with scattered tektites believed to derive from a major 
southeast Asian meteor impact at 700 ka (Hutchinson 1989: 159; Hildebrand, pers. 
comm.). These are overlain in some cases by the more prevalent alkali-olivene basalts of 
mid-Pleistocene age, flows which also overlie the older alluvium mentioned above. 
Lacombe (1969) presents results of paleomagnetic dating from Bokeo plateau rocks, 
which average to an age of ca. 700,000 BP. In general, the older flows seem to be better 
represented in Vietnam, while the more recent, mid-Pleistocene flows are more common 
in Cambodia. Hutchinson (1989: 291) mentions Holocene basalts along the Srepok 
River, a major river flowing just south of the study sites. He also notes that the island of 
Poulo Cecir, just 70 km off the southeast coast of Vietnam, saw a volcanic eruption and 
lava flow as recently as 1923. Indeed, there are numerous outcrops of basalt in the study
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area which, based on the apparent degree of weathering, seem to be much younger than 
mid-Pleistocene in age (pers. obs ).
The Quaternary basalts are significant in the present study for two reasons. First, 
and most obvious, the volcanic eruptions resulted in craters now filled by relatively deep 
permanent lakes. The age of the basalts implies that the lakes have been subject to 
continuous sediment deposition through at least the late Pleistocene and Holocene, 
although, as mentioned above, there is a possibility that some volcanic activity is more 
recent. The sediments in three of the five volcanic-derived lakes in Ratanakiri have 
yielded the records which are the primary subject of this study. Because the base of the 
sediments was not reached at any of the three core sites during this fieldwork, and 
because more such lakes occur in northeast Cambodia and adjacent parts of Vietnam, the 
setting holds great promise as a source for relatively long late Quaternary records of 
lowland vegetation and climate change.
4.1.3. Soils
The Pleistocene basalts are significant also for the qualities they contribute to soil 
development and vegetation evolution. The basalts weather to latosols, basic lithosols or 
regurs, which develop on the upland domes, hillslopes and valleys, respectively, of the 
basaltic plateaus (Crocker 1962). These soils are all marked by high base saturation, and 
relatively good drainage and water holding capacity, although the typically shallow 
regurs may become dessicated in the hot season (Crocker 1962; Himel and Nhem 1997). 
They are relatively fertile, which is why the basalt uplands were chosen by French 
colonial administrators for the establishment of extensive rubber plantations. These soils
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now support, in addition to the rubber trees, lush natural semi-evergreen forests or 
productive agricultural plots.
The overall fertility and favorable drainage characteristics of the basalt-derived 
soils can be contrasted with the adjacent expanses of plinthite podzols and gray 
hydromorphics which characterize the plains over which the basalts flowed. These soils 
have mostly derived from the Triassic sandstones and shales, and have evolved in a 
strongly monsoonal lowland climate over millions of years. They are therefore old, 
depleted in nutrients, and acidic, with pH ranging from 4.0 to 5.8 (Crocker 1962). 
Drainage and permeability are low, so these soils typically stay flooded during the rainy 
season, and dry out completely by the beginning of the hot season. They are typically fine 
grained in the shallow upper horizon, underneath which are clay or sandy clay horizons 
of varying density depending on the degree of oxidation. Iron concretions are common, 
becoming a continuous ironpan (laterite) in some of the plinthite podzols. The gray 
hydromorphics occur in local basins, and they are generally less oxidized, slightly more 
fertile and may remain moist through the dry season. The mosaic of these soils stretching 
across eastern and northern Cambodia supports primarily dry deciduous forests, 
interspersed with seasonal wetlands and patches of mixed deciduous or riparian forests. 
The seasonal wetlands have been adapted in some cases to rainfed paddy rice cultivation.
These are the two major soil complexes found in the study area. Their 
significance to this study lies in their contrasting associated vegetation types. Analysis of 
the fossil pollen record requires an awareness of the influence of soil on local vegetation, 
simply because a fossil pollen assemblage and its inferred vegetation type could be telling
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two different stories depending on whether they are reflecting climate changes expressed 
on young, basaltic soils or on old, acid sandstone-derived soils.
4.1.4. Vegetation
Northeastern Cambodia and adjacent portions of southern Laos and Vietnam are 
covered by a rich diversity of forest and wetland vegetation types. Plant community 
structures vary all the way from pure grass marshes and savannas to multilayered 
monsoonal rain forests. The essential factors influencing forest structure are typical, 
including precipitation, terrain, soil and fire.
Description of vegetation types is not a simple matter in Cambodia. Very few 
botanical studies have been conducted, and technical capacity in survey and analysis of 
vegetation is not high. That means that there is no formal indigenous classification 
system. Relying on another country’s system is problematic, as the classifications of 
Vietnam, Laos, Thailand, Burma and Malaysia do not always overlap and are not 
necessarily comparable. In describing the vegetation in this study, I am following 
primarily the classification scheme of Rollet (1962, 1972; see Fig. 4.5), although taking 
some liberties with translation from the French. Although Rollet’s forest surveys are not 
as botanically rigorous as the plant surveys of Dy Phon (1970) and Schmid (1974), they 
have the advantages of focusing on eastern Cambodia and including as many 
transliterated Khmer names for the plants as possible. The last factor has proved 
invaluable in converting the data gained from local informants about the vegetation to 
quasi-standard nomenclature for this study, as described below and in the following 
chapter.
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Figure 4.5. Major vegetation types in eastern Cambodia
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In his survey of forests east of the Mekong, Rollet (1962) finds that the forests 
can be broken down into two broad categories: Dense forests (Semi-evergreen; French, 
forets dense; Khmer, prey sraom) and dry forests (Dry deciduous or savanna forests; 
French, forets claires; Khmer, prey Tbah). Most classifications also include an important 
intermediate type called semi-dense (Mixed deciduous; French, Semi-dense a 
Lagerstroemia-Legumineuse, Khmer, prey piek kandai sraom). Denser forest types are 
found in areas where terrain encourages higher mean annual precipitation, or where the 
fertile basaltic soils support relatively lush growth. There are no purely evergreen forests 
in Cambodia other than on the maritime slopes of the Cardamom Mountains, but in the 
Virachey highlands of the far northeast, moisture stress is minimal, so the forests are 
probably very close to an evergreen type. Dry forests, including the core type also 
known as dry deciduous dipterocarp forests, reflect lowland conditions including a 
pronounced dry season, poor soil fertility and drainage, and frequent fires. These two 
types define two ends of a non-wetland vegetation spectrum which directly reflects 
variations in moisture stress, and indirectly reflects soil quality and fire frequency.
Several sub-types can be distinguished along this spectrum, and the reader should be 
aware that forests mapped at the regional scale as dry forests are, at least in northeastern 
Cambodia, a complex mosaic of widely varying structure and composition. For more 
detail on the floristic composition of each of the vegetation types see Appendix A.
Dense forests, also called semi-evergreen forests, are characterized by a closed 
canopy at approximately 30-40 meters height, with dipterocarps and a few other species 
emergent to as much as 50-60 meters. Most canopy species, and almost all understory 
species, are evergreen. Dominant trees are in the Dipterocarpaceae (Dipterocarpus
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alatus, D. dyeri, D. turbinatus, D. costatus, Hopea odorata, H. ferrea, Anisoptera spp), 
plus commonly Irvingia malayana (Irvingiaceae), Lagerstroemia spp. (Lythraceae), 
Litsea vang, Dehaasia cuneata (both Lauraceae), Mesua ferrea (Guttiferae), Mangifera 
cl indica (Anacardiaceae), and Sindora cochinchinensis (Caes. Leguminosae).
Basaltic terres rouges soils support a rich variant of this lowland forest, again 
with the major dipterocarps dominating, but with more diversity among canopy and 
emergents, including Meliaceae (Aglaia gigantea, Toona febrifuga), Combretaceae 
(Anogeissus vulgaris, Terminalia spp.), Leguminosae {Pterocarpuspedatus, Afzelia 
cochinchinensis, Peltophorum dasyrachis, Adenanthera pavonina), Lagerstroemia spp., 
and Tetrameles nudiflora.
Slightly drier habitats can still support closed cover forests, but with a more even 
canopy. These are transitional to, and grading into, the semi-dense forests (mixed 
deciduous, dense deciduous, or forets semi-denses a Lagerstroemia-Legumneuses of 
Rollet 1962, 1972; see Appendix A). Although these forests have a high and closed 
canopy, as the environment gets drier there is a gradual replacement of dominant 
dipterocarps by a variety of Lagerstroemia spp. and trees in the Leguminosae. Forests of 
this type can have large areas with almost pure stands of Lagerstroemia angustifolia, 
and often where the only other common dominant is Xylia xylocarpa. Other 
Leguminosae frequent in these forests include Pterocarpus pedatus and Sindora 
cochinchinensis, and more occasionally Afzelia cochinchinensis and Dalbergia 
bariensis, all of which are important luxury-grade timber species. In northeastern 
Cambodia, it is in the moist semi-dense forests where one begins to see evidence of 
regular burning (pers. obs ). The burning consists of low intensity ground fires which
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seem to have little effect on the mature trees or saplings. The result is a park-like forest 
in the rainy season, with a relatively open structure between the leafy herbaceous ground 
layer and the canopy. Dipterocarpus intricatus acts as a transition dominant at the drier 
end of the semi-dense forest type.
Within the areas mapped as dry forests, structure can vary from an almost-closed 
canopy of the dry semi-dense variety to open woodland. Forests at the moister end of the 
spectrum are dominated by Dipterocarpus intricatus. The true dry deciduous 
dipterocarp forests are best considered as a mosaic of varying densities, depending on 
subtle variations in dry season moisture availability (often soil dependant), and probably 
also depending on ecological history, especially fire history. Dry deciduous forests occur 
in areas with an average of 1000-1800 mm of rainfall per year, with a distinct 3-5 month 
dry season. These forests are clearly a lowland type, with none of the dominant species 
occurring above 500 m elevation, except Dipterocarpus obtusifolius, which can occur in 
mixed forests with Pinus merkusii and Fagaceae up to 1200 m elevation.
Throughout the extent of their range in Indochina these forests are dominated by 
varying combinations of six species: Dipterocarpus tuberculatus, D. obtusifolius, D. 
intricatus, Shorea siamensis, S. obtusa (all Dipterocarpaceae) and Terminalia tomentosa 
(Combretaceae). All lose their leaves in the early dry season, and although the length of 
time spent leafless varies, all produce new leaves before the beginning of the rainy 
season. Flowering is generally in the early dry season, but is variable. These six species 
may account for up to 90% of the basal area over most of the range of dry forests, but 
they are accompanied by a wide diversity of associates (see Appendix A).
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The dry forest understory is open, with scattered small trees and clumps of low 
shrubs like dwarf Dillenia, and with patches where the palms Corypha lecomtei and 
Phoenix humilis, and Cycas spp. are locally abundant. The ground layer is herbaceous 
and may be diverse in annuals (pers. obs ). Usually it is dominated by Gramineae, and 
over large areas by the dwarf bamboo Arundinaria. There is only one large area in 
continental Southeast Asia which has been a pure grass savanna for over 100 years, on 
the highland plateau of Haut Chhlong, part of which extends into Cambodia’s 
Mondulkiri province. Wharton (1966) asserts that the savanna there represents long-term 
vegetation degradation by anthropogenic burning.
Evolution of the dry forests has long been a subject of interest for western 
observers, primarily because of the obvious role of fire in their function and because 
those fires are almost always attributed to human agency. Numerous accounts from early 
travellers in the region portray, mostly, the outrage of the Europeans at what they saw as 
a wasting of potential forest by intentional burning (Bartlett 1955). Wharton (1966) 
seems amazed by the extent of human influence on the landscape, as he describes the 
interrelationships among fire, the vegetation, and the associated large ungulate fauna. 
Stott (1986, 1988) has provided valuable raw data describing the typical fires as low- 
level and low temperature, depending on fuel either from leaf litter or graminaceous 
ground cover (Arundinaria and Themeda tricmdra). He suggests that fire suppression in 
such forests could lead to excessive fuel build-up, and the eventual triggering of higher 
and hotter fires that could kill the dominant trees and extend the total area affected (Stott 
1988), thus resulting in a net overall loss of forest cover. This suggests that the 
indigenous peoples’ role in frequent dry forest burning is an adaptation to strongly
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seasonal climate, an adaptation conservative of forest cover in climatic and soil 
conditions where forests are marginal. More is said on this topic in the following 
chapters.
Turning to more clearly edaphic formations, riparian forest occurs along streams 
and around lakes throughout eastern Cambodia. The canopy rises to 20-30 m, even when 
the riparian zone is set in dry forest. It shows some similarity in composition to dense 
forests but some of the species more common in riparian forests include Hydnocarpus 
anthelmintica, Barringtonia acutangula, Sarcocephalus cordatus, and Sterculia foetida. 
Bamboos, Oxytenanthera and Bambusa spp., are common and abundant near streams, 
especially on basaltic soils. Barringtonia becomes more important as the riparian zones 
expand in some places to form expanses of flooded forest. That forest type is most 
extensive around the Tonle Sap, but is also found in eastern Cambodia along the 
Mekong near Kratie.
Swamp forests occur in places where constantly shallow wet conditions have 
allowed a long-term build-up of deep peaty soils. Structure in the swamp forests can be 
complex, with a high canopy, numerous epiphytes, and several common species with stilt 
roots or pneumatophores (most commonly Elaeocarpns spp. and Eugenia spp.). Canopy 
dominants are mostly in the Dipterocarpaceae (D. alatus, Hopea spp., Anisoptera spp.) 
plus Eugenia spp., Stercidia foetida, Myristica, and Ficus spp. (strangler figs). The most 
common epiphyte is the climbing pteridophyte Stenochlaena palustris. The understory is 
rich in palms, including Livistona cochinchinensis, Licuala spp. and rattans, Calamus 
spp.
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The last major vegetation type to be discussed is secondary forests. Although 
they are mapped as a unit Figure 4.5, their structure and composition are also highly 
varied. Structure of secondary types varies according to soil, precipitation and, 
especially, the duration since the last clearing and the general frequency of disturbance. 
The most extensive form of disturbance is clearance for agriculture, which is generally 
not done in dry forests. In cases where dry forests are intensely burned, they may recover 
only to a thorn scrub, which is not common in eastern Cambodia. So secondary forests 
mostly reflect recovery of dense or semi-dense forests. Pioneer succession is of mixed 
herbaceous and shrub vegetation, which can become purely herbaceous if the clearing is 
frequent, e.g., every 2-3 years. This loss of forest cover is the most serious effect of 
shortening the cultivation/fallow cycle of swidden agriculture, a pattern which is 
increasingly common as population increases and pressure on the forests becomes more 
intense than in the past.
On the richest basaltic soils pioneer vegetation is dominated by Eupatorium 
odoratum and Mimosa spp. which can account for almost 100% of the cover. With 
frequent burning and/or clearance, Oxytenanthera (Khmer, russey khley) and Imperata 
cylindrica (Khmer, sbov) can become entrenched and ostensibly inhibit further 
vegetation succession. Some groves of large bamboos (Bambnsa spp.) may reflect past 
patterns of frequent disturbance, but the situation regarding establishment of, and 
succession after, these bamboos is not yet clearly understood. The apparent ages of such 
groves suggest that they are permanent, so their classification as secondary vegetation is 
open to question.
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If clearance or disturbance are not too frequent, seedlings of some of the more 
common pioneer small trees can grow through the shrub layer and eventually form a 
more open pole-stage forest. The most common pioneer trees are the same as in other 
parts of Southeast Asia, e.g., Trema, Macaranga, Mallotus and other Euphorbiaceae. 
Also common are Grewia tomentosa, Peltophorwn dcisyrachis, Zizyphus cambodiana, 
Colona sp., Memecylon edide and Combretum quadrangulare. The assemblage of 
dominants is variable (see Appendix A), but there is a group of heliophytic species which 
combine 3-4 at a time to dominate the pole-stage forests. Rollet (1962) lists 
Lagerstroemia spp., and Cratoxylum sp. (both widespread and very common), Vatica 
astrotricha, Dipterocarpus intricatus, Shorea roxburghii, Hopea sp., Eugenia spp., 
Sindora and Albizzia. In the denser forests, Rollet (1962) finds no indication that 
swidden clearing necessarily results in a secondary assemblage completely different from 
the mature forest, but recovery may be slow in patches, related to random events or 
edaphic variations.
Local vegetation around two of the lakes sampled in this study is shown in Figure
4.6., which is derived from aerial photography interpreted by the author. Further detail 
on the composition of the forests was gathered during fieldwork, which is described 
below and in the following chapters.
4.1.5. Human settlement and land use
Because of the undeniable role of humans in vegetation evolution, it is useful to 
review what little is known or suspected about the history of settlement and land use in 
the area around the study sites. The most complete review of this topic (Hickey 1982) 
quickly makes clear that there is little or no confirmed information about land use among
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Figure 4.6. Vegetation in the vicinity of the coring sites 
(from 1996 FinnMap 1:24,000 aerial photographs, interpreted by A. Maxwell).
the indigenous peoples (hill tribes, highlanders, or montagnards; Khmer, Khmae loeu) 
from before the 1900s. Currently about eleven officially recognized indigenous groups 
live in eastern Cambodia, but the official number clouds the fact that significant 
variations occur even among groups supposedly sharing the same language. Also, in the 
case of Ratanakiri province, four of the officially recognized groups could perhaps be 
lumped into one, based on similarity of language and culture. And the ethnic Lao present 
a problem in classification, because they are generally not considered indigenous, but 
have been living in northeastern Cambodia for at least 300 years (Bourdier 1995), and 
represent a culture dependent on wet rice and aquatic resources which may go back 
millennia in the region.
Two language families are represented among the indigenous groups: Mon- 
Khmer in the Austroasiatic language grouping, and Austronesian (the latter also referred 
to as Malayo-Polynesian). The one Austronesian group, Jarai, are living adjacent to the 
Cambodia-Vietnam border south of the Sesan. They are the most numerous group in the 
region as a whole, but with a Cambodian population of about 14,000. In Ratanakiri the 
remaining groups, all Austroasiatic in language affinity, are (estimated populations from 
Colm 1996 in parentheses): Tampuen (18,000), Brou (5500), Kreung (14,000), Kavet 
(4000), Kachok (2200) and Lun (300). In Mondulkiri and Kratie they are the Pnong 
(19,000), Stieng (3300), Mel (2100), and Kraol (2000).
The earliest account of outside contact with the highlands comes from a 9th 
century Sanskrit inscription recording dedication of a field in the highlands west of the 
Cham territory on the coast of Vietnam (Hickey 1982,1). A few scattered references to 
highlanders or their inland territory show up in records from the 12* to the 17*
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centuries. In 1641 a Dutch traveller to Sambor, on the Mekong just north of present-day 
Kratie, records trade from the highlands in slaves, gold, deerskin, wax, rhino horns, 
elephant tusks and gamboge, in exchange for iron and salt (Hickey 1982, 3). More 
information came out of the area beginning in the 1900s, but these early accounts 
focused either on anthropological issues, or on the apparent ignorance of the 
highlanders’ land use customs, as mentioned above (Bartlett 1955).
Detailed accounts of the highland groups in northeastern Cambodia and the 
central highlands of Vietnam emphasize the cultures’ near-total reliance on forest 
resources (Condominas 1977; Matras-Troubetzkoy 1974; Bourdier 1995; Colm 1997). 
Forests provide both the setting for swidden agriculture and the habitat for numerous 
forest products which are used or traded by local people. Land-use decisions are strongly 
determined by communication with natural spirits, and religious ceremonies marking 
mediation between villagers and spirits commonly involve animal sacrifice and rice wine 
drinking (Bourdier 1995; Hickey 1982,26).
Although members of all the northeastern groups have adopted wet rice 
agriculture to a limited degree (some Jarai for several generations), by far the most 
extensive impact on regional vegetation comes as a result of upland agriculture. Detail 
on methods is provided below, in the results of interviews with Tampuen villagers living 
near the study sites. The general pattern is one of cutting and burning a patch of forest 
(1-2 ha per family) and planting that with upland rice and a variety of other crops for 1-3 
years, after which the plot is abandoned. The duration of the fallow period is a very 
complicated issue, related to a suite of constantly changing factors such as village area 
and population, soil quality, village migration (sometimes including forced resettlement),
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and interactions between individual farmers and local spirits. These variables combine to 
affect the type of secondary forests (and “primary” forests?) distributed at present 
throughout the study area.
There has been a tendency in literature describing relationships between 
indigenous populations and forests to associate only degraded or secondary forests, not 
primary forests, with indigenous land use. However, it should be noted that highland 
economies are quite diverse, involving hunting, fishing and forest product gathering and 
trade, in addition to forest farming. In this context, indigenous culture must necessarily 
be oriented as strongly to conservation of mature forest as to cutting, burning and 
planting in secondary formations. Indigenous religion often reinforces that conservation, 
when certain forest areas are protected as homes to ancestral spirits (Srey et al., in 
prep ). In assessing the long-term impacts of humans on the landscape, minimal impact 
on forest vegetation does not necessarily mean that human influence is negligible.
4.2. RESEARCH METHODS
Research methods employed in this study fall into two general components, 
fieldwork and laboratory procedures. Fieldwork consisted of interviews of local villagers 
and foresters concerning land cover around the study sites, and retrieval of surface-level 
pollen samples and sediment cores. Laboratory work called first for selection, retrieval 
and processing of pollen reference material. Subsequent laboratory procedures covered 
treatment of the core sediments 1) for determination of water, organic carbon and 
inorganic carbon contents (loss-on-ignition analysis, or LOI), and 2) for concentration of 
pollen and microscopic charcoal by chemical digestion of raw sediments. Finally, pollen 
and microscopic charcoal were counted systematically in chosen samples, and those data,
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along with LOI data, entered into a computer and plotted in an appropriate analytic and 
display program.
4.2.1. Interviews
Semi-formal and informal interviews were carried out with people living in the 
villages nearest the three lakes cored for this study (Maxwell and Colm 1997). The 
author and his wife, Sara Colm, led the questioning, mostly through interpreters, but 
because the questions were intentionally open-ended, the participants volunteered much 
valuable information. The interviews were mostly carried out in Khmer language, on 
some occasions using Lao language. The following questions served as guidelines:
- How often is the savanna forest burned, either by people or “naturally”?
- What is the purpose of burning the savanna forest?
- Is there any planting in the savanna forest after a bum?
- How are the areas to be burned determined?
- Are swidden plots burned at the same time of year as savanna forest?
- How often is a swidden plot burned? How long is it cultivated? How long
fallowed?
- What crops are planted in the swiddens?
- Are there some areas that are never burned? Why or why not?
- Has the pattern of burning changed in the last 10/20/50 years?
Semi-formal interviews were carried out with the following people:
Phum Chrey, Lumphat District, April 1995 (near Yeak Kara Lake)
- Mok An, age 56 (w/ Yem Sokhan, Koy Sokha, Kham Su Lot, assisting)
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- Thum Pan, age 45 (w/ Yem Sokhan, Koy Sokha, Kham Su Lot)
- La, age > 50
Phum Samut Kraom, Lumphat Dist., April 1995 (near Lumkat Lake)
- Keo Om, village chief, age 60 (w/ Yem Sokhan and Kham Su Lot)
- Nan, elephant driver (w/ Yem Sokhan and Kham Su Lot)
- Pham Dim, basketmaker, age 59 (w/ Yem Sokhan)
Yeak Laom Commune, Banlung Provincial Center, April 1994 and May 1995 
(near Yeak Laom Lake)
- Hin Teo, commune chief, age 43, (w/ Som Siphal)( 1994)
- Nuk Tuk, Phum Chrey village chief, age 42 (w/ Som Siphal)(1994)
- Tao Yal, Phum Chrey deputy chief, age 50, and friends (w/ Mao
Kosal)(1995)
In addition, numerous informal interviews covering the same topics have been 
carried out over the period 1994-1999 with people from these villages and others in 
Ratanakiri, to help round out the perspective on regional land-use. Some non­
governmental development organization (NGO) personnel have also been very helpful 
with information on local land-use.
It should be kept in mind that these interviews were not intended to reveal details 
on the culture of the indigenous groups living in central Ratanakiri. That has been 
initiated by Matras-Troubetzkoy (1975) and Bourdier (1995). With our interviews we 
were trying to obtain a cross-section of local residents’ descriptions of longer-term 
processes affecting landscape-scale vegetation dynamics, especially burning practices. 
Without written historical records of land-use from this part of Indochina, the “longer-
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term” perspective has turned out to be about two generations, partly because of the 
extremely disruptive social conditions in the area from the late 1960s on, and partly 
because villagers older than age 50, who might remember pre-war land-use in this area, 
are rare and are unlikely to speak Khmer. Finally, and most importantly, there was not 
enough time to establish the kind of trust necessary to ask questions concerning cultural 
(e.g. land-use) history, or to take the answ ers to such questions at face value.
Aside from land-use interviews, several attempts were made to characterize the 
vegetation growing around the lakes, particularly around Yeak Kara and Yeak Laom. 
This was a difficult task. It seems as though there may be no professional field botanists, 
trained in scientific nomenclature, in Cambodia, much less in Ratanakiri. So the 
vegetation “surveys” consisted of asking relatively knowledgeable residents, often 
trained foresters, the names of the site-adjacent plants, in Khmer, then going to various 
lists in scientific studies from the colonial period and trying to match Khmer names with 
botanical names. This usually produced about 60% identification for the trees, but 
understory plants were often unknown. Traditional healers in Phum Chrey and in villages 
near Yeak Laom were familiar with almost all the plants encountered, but often only 
knew Tampuen and/or Lao names. Jaqueline Matras and Marie Martin wrote on 
ethnobotany among the Brou, another indigenous group in Ratanakiri (Matras and 
Martin 1972), but that study doesn’t help Tampuens, Khmers or Americans identify 
plants in the field by their botanical names. There was not enough time during this study 
to take specimens and key them out, especially as the fieldwork season did not 
necessarily coincide with the flowering season for many plants. Eventually, however,
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with very patient assistance from Yem Sokhan, Kham Su Lot and Koy Sokha, an outline 
of dominant plants from the different sites has emerged, and is discussed in chapter 5.
4.2.2. Coring
Over three field seasons, cores were retrieved from three different lakes, Yeak 
Laom, Yeak Kara and Lumkat. Characterisitics of the lakes that yielded cores are given 
in Table 4.2.
Cores were retrieved from Yeak Kara Lake on April 26, 1995 and March 8-9, 
1996. The 1995 core (core BYK) was 9 meters long, the 1996 core (core BYK2) was 15 
meters long. In both cases the coring rig was a modified Livingstone corer (Wright et al. 
1984). A rubber piston was fitted tightly inside 2-inch (50 mm) transparent PVC pipe 
with a wall thickness of about 5 mm (i.e., Schedule 40). A specially constructed head 
piece was attached to the top of the core tube with holes in it to allow attachment of 
extension rods and to allow movement of water out of the top of the tube while coring.
A narrow cable (ca. 3mm) was attached to the top of the piston and ran through the 
holes in the head piece. A sharp, cylindrical steel cutting shoe was attached to the bottom 
of the core tube. As the core tube was pushed into the sediments, the piston cable was 
securely tied off. When the core tube was pushed in far enough to jam the top of the 
piston against the head piece, the core tube and piston cable were removed together, the 
piston providing suction to hold the sediments, intact, inside the core tube.
The center of the lake was reached by inflatable rubber boats, two of which could 
hold four persons plus equipment. Assisting with the coring were Sara Colm, Yem 
Sokhan, Koy Sokha, and Kham Su Lot (both years), and Gerbe Spoorenberg (in 1995). 
The cores were taken from the center of the lake. A PVC guide tube, or casing (ca. 7 cm
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Table 4.2. Lakes selected for coring, Ratanakiri Province, Cambodia
Yeak Kara Yeak Laom Lumkat
Location 13° 33’ N, 107° 08’ E 13° 44’ N, 107° O r E 13° 32’ N, 107° 11’ E
Elevation, m.a.s.l. 150 300 135
Surface area (watershed) 5 ha (25 ha) 38 ha (90 ha) 24 ha (45 ha)
Water depth 1.5 m 48 m 65 m
Core length (core name) 15 m (BYK2) 3.6 m (BYL6) 2.0 m (BLK)
Core basal date, 14C yrs. 
BP
9300 ± 50 3860± 140 2430± 150
Mean sedimentation rate 16 cm / 1 OOyrs. 9.3 cm / 100 yrs. 8.2 cm / 100 yrs.
Sample increment, yrs. 45-184 (mean =112) 96 109
Surrounding vegetation 
(local - extralocal*)
Semi-evergreen forest Mixed; semi-evergreen and 
secondary forests, scrub, 
and active swidden
Dry deciduous forest
Distance from nearest 
village, km
2 0.5 1
Distance from nearest 
agricultural plot
1 km (swidden) 100 m (swidden) 300 m (wet rice)
* according to model of Jacobson and Bradshaw (198 )
i.d., 4 m long) was inserted into the sediments surrounding the coring hole, to prevent 
collapse of sediments into the hole when successive core sections were drawn out. Each 
core tube was 150 cm long, which meant that, taking into account the length of the 
piston and some of the headpiece, about 120-125 cm of sediment could be taken with 
each of the twelve sections. The coring was stopped because it was getting extremely 
difficult to retrieve the core sections from 15 m down. It is possible that with heavier and 
stronger people, another 2-3 meters depth could be reached in Yeak Kara. Although the 
sediments were denser at 15 m depth than at the top, no particularly hard layer was 
reached.
All equipment and cores were carried from Phum Chrey to the lake and back by 
elephants. The elephants, from Phum Samut Kraom, were Kham, in 1995, and Mei, 
Kham’s offspring, in 1996.
Cores were retrieved also from Yeak Laom Lake on March 10, 1994 (core 
BYL4, two meters length), and on February 3, 1996 (core BYL6, 3.6 meters). Also, a 
two meter core was taken from Lumkat Lake (core BLK) on March 5, 1996, using the 
same equipment as for Yeak Laom. In both cases, because of the depth of the lakes (48 
m and 65 m, respectively) the coring device required further modification from the basic 
Livingstone-type sampler. The top of the PVC core tube was fitted with a small-diameter 
pipe (3/4 inch, or 2 cm, and 2 m long), extending from the top, to serve as a guide-pipe 
for a slide hammer. A piece of heavy-wall pipe (about 3-4 cm i d., and 25 cm long) was 
fitted over this pipe, to slide up and down on it as a slide hammer. A clamp was fitted to 
the top of the guide pipe, to prevent the slide hammer from coming off. A rope was 
attached to welded rings on the slide hammer. Finally the piston, fitting fairly tightly in
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the core tube, was set in the bottom of the core tube, with a cable attached to its top 
passing up through the core tube and guide pipe. When the whole rig was lowered into 
the lake, people on the surface needed to hold on onto only two leads, the slide hammer 
rope and the piston cable. When the bottom of the core tube reached the sediments, the 
piston cable was held rigid while the slide hammer was lifted to the top of its travel on 
the guide pipe, and then dropped, driving the core tube into the sediments. This action 
was repeated until the core tube was pushed into the sediments far enough that the top 
of the piston became jammed against the top of the core tube. Then the slide hammer 
rope and piston cable were drawn up together, the slide hammer pulling against the 
clamp on the guide pipe.
Cores were taken from Yeak Laom Lake with the help of Yem Sokhan, Xavier 
Riblet and Sara Colm (1994), Sen KunMing and Gerbe Spoorenberg (1996). The 
Lumkat Lake core was taken with help from Sara Colm and Connell Foley.
This deep lake rig worked fairly well. One limitation in this method of coring is 
simply the length of PVC pipe available. In Banlung, the maximum length is 4 meters (in 
the U.S., 12 feet), and if two pieces are joined, the pipe joints may not allow good piston 
travel. Using local material meant that transparent tubing could not be used, and it was 
difficult to find Schedule 40 (5mm wall thickness) pipe, so thin wall pipe had to be used. 
This meant that the piston also needed to have a larger diameter.
The main problem with the design was the necessity of using inexpensive rope 
and cable, in which strands are twisted together. That meant that, at full length and with 
weight on them, both rope and cable untwisted partially, and wrapped around one 
another. That made it difficult to move the slide hammer up and down. In the case of the
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Lumkat Lake core, at 65 meters depth, the problem with twisted ropes worsened during 
coring to the point where the slide hammer could not be moved and the core tube could 
not be pushed to its full length. For future attempts in deep lakes, braided rope and cable, 
though more expensive, would probably work better.
The only other problem encountered was in the choice to build a wooden raft for 
coring in 1994. The raft was very convenient for size, 4 x 3 .5 meters, with an opening in 
the middle for working with cores. But the wood used was apparently deemed wasted on 
scientific research, so someone recycled it for some more appropriate use, without 
consulting with the author. After that, portable inflatable rubber boats were used for 
coring.
Cores taken from Yeak Laom and Yeak Kara in 1994 and 1995 were extruded 
from the core tubes in Banlung, then cut into 2-3 cm sections and sealed, individually, in 
plastic bags for shipment. All cores taken in 1996 were not extruded. The core tubes 
were cut into 60-70 cm sections and sealed with standard pipe caps and silicone seal on 
both ends for shipment. Core sections were sent by air freight to LSU’s Biogeography 
and Quaternary Paleoecology Laboratory for processing.
4.2.3. Radiocarbon dating
Samples were taken from cores BYL4, BYK, BYK2, BYL6, and BLK, and sent 
for l4C age determination. The initial samples were taken from the bottom sediments of 
each core, to determine the amount of time represented in each core. Only cores BYK 
and BYK2 were sampled further for age determinations. Additional samples were chosen 
to clarify the timing of certain distinct sedimentological changes apparent through visual 
inspection or through LOI, and, where possible, to fill in large gaps in the measured ages
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so that accurate sedimentation rates could be determined for the whole core. Samples 
chosen are described with the results of dating in Table 5.3, Chapter 5.
All samples were sent to Beta Analytic, Inc., for 14C analysis. Two samples were 
sent from there for AMS (accelerator mass spectrometry) measurement, with results 
interpreted and reported by Beta. Samples consisted of bulk sediments, except in the 
case of a charcoal sample sent for AMS analysis. All bulk samples were pre-processed at 
Beta by acid washes, except for one which was a sample of ca. 50% carbonate which 
received no treatment.
4.2.4. Loss-on-ignition (LOI)
Cores BYK2, BYL6 and BLK were opened by cutting each core tube section 
twice longitudinally, then splitting the sediment section in half, longitudinally, using 
fishing line. This method exposed the sediments in the center of the core, to avoid 
sampling contaminated sediments situated against the wall of the core tube.
The procedure used in this study for LOI testing is described by Dean (1974). 
Samples of approximately two cubic centimeters were taken at 6 cm intervals from 
throughout the cores. In the case of core BYK2, the section of the core below 800 cm 
depth was sampled at 3 cm intervals, because visual inspection revealed some very 
abrupt changes which might not have been adequately sampled at the coarser interval. A 
total of 418 samples were tested from core BYK2, 59 samples from BYL6 and 35 
samples from BLK. The samples were put into weighed, refractory crucibles, weighed 
wet, then put in a drying oven at 105° C for at least 12 hours. Dry samples were 
removed from the oven, put into a dessicator until cool, then weighed again. Samples 
were then placed in a Fisher muffle furnace, heated to 550° C for one hour, then cooled
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slowly, put in the dessicator, and weighed again. Finally, samples were placed in the 
muffle furnace and heated to 1000° C, followed by slow cooling and weighing. All 
weight measurements were performed on a Fisher electronic balance, with a precision of 
0.0001 gram.
Weight lost from the sediments at 105° C was calculated as the wet-sediment 
percentage of water content. Weight lost during 550° C ignition was calculated as the 
dry-sediment percentage of organic carbon content. Weight lost during 1000° ignition 
was calculated as the dry-sediment percentage of inorganic carbon, or CO3 . Percentage 
LOI calculations were carried out in the QuattroPro spreadsheet program, and are 
presented in a chan in Chapter 5.
4.2.5. Pollen Reference Material
An initial list of dominant plant taxa was culled from lists in several vegetation 
summaries from Cambodia, Vietnam, Thailand, and Laos (Dy Phon 1970; Rollet 1962, 
1972; Schmid 1974;Ogawaet al. 1961; Vidal 1956, 1960, 1979). Although these lists 
are extensive, with more species than could possibly be processed for reference in a 
project with the scope of this one, much of the actual choice of reference material was 
determined by what was available in accessible herbaria. Samples were prepared using 
voucher specimens from the Missouri Botanical Garden, the U.S. National Herbarium, 
Chiang Mai University Herbaria of the Biology Dept, and of the School of Pharmacy, 
and the Bailey Hortorium of Cornell University. At the present time, samples for 130 
identified taxa have been processed by the author and mounted. In addition to those, 
another 56 taxa were obtained mounted on slides from Dr. B.K. Maloney of Queens
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University, Belfast, U.K. The reference material and sources are summarized in 
Appendix B.
Further material was collected in the field, when good flowers were available 
from common plants, and when some type of plant identification was offered by 
residents. Although, in some cases, the processed samples revealed that the field 
identification could not be correct, for the most part these field specimens provided some 
of the best quality reference material, these also are included in Appendix B.
Sample material, usually a few stamens from herbarium specimens, or whole 
flowers from field specimens, were washed in hot (c. 95° C) KOH (potassium hydroxide) 
for two minutes, then coarse-sieved and washed in water and acid, then acetylyzed for 2 
minutes in hot solution (9 parts acetic anhydride + 1 part sulfuric acid), then washed, 
dehydrated in TBA (tert-butyl alcohol), and the residue was mixed into 500 cs or 1000 
cs silicone oil, and mounted on slides after the TBA had evaporated.
4.2.6. Pollen and microscopic charcoal sample preparation
The cores were sampled less densely for pollen and microscopic charcoal analysis 
than for LOI. Only cores BYK and BYK2 were sampled throughout their lengths, but 
core-top samples were processed and counted from cores BYL6 and BLK. Samples 
from BYK2 were chosen at an interval of approximately every 10-15 cm through the top 
330 cm of the core, then at approximately every 20 cm below that. Exceptions were 
made at positions in the core that coincided with the top of a section, where partial 
collapse of material in the hole during coring could possibly have caused much younger 
sediments to fall and be deposited deeper in the core. Two closer samples were taken at
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1266-1276 cm depth, where visual inspection revealed an abrupt change in sediment 
characteristics.
The sediments were treated chemically to concentrate pollen and charcoal residue 
according to the standard procedure outlined in Faegri and Iversen (1975). One 
exception made to the standard procedure in this study was the sequence of using HF 
first, to dissolve clays before proceeding with carbonate and humic acid dissolution. 
Although I could find no published description of such a sequence, it seemed as though it 
should not cause a problem, as Faegri and Iversen say that each step in the processing is 
independent of the others. No systematic comparison was made between sediments 
processed with HF first and with HC1 first, but a rudimentary comparison between 
analogous samples in core BYK (1995, processed with HC1 and KOH first) and in core 
BYK2 (1996, HF step first) revealed no startling differences in the pollen assemblages. 
The HF eliminated clays from the sediments first, cutting down on the time required for 
stirring the sediments in the KOH steps.
The sequence, then, used for the BYK2 samples discussed in chapter 5 was: hot 
HF - wash - HC1 - wash - hot KOH - wash - GA - hot acetylation - GA - wash - stain - 
TBA - silicone oil. Exotic spores of Lycopodium sp. were added in the HC1 step, ca.
13,911 spores per 0.9 ml sample of wet sediment, to allow calculations of pollen 
concentration and influx (Stockman-1971). In all, 18 samples were processed and 
counted from core BYK, and 85 samples were processed and counted from core BYK2.
From the other lakes, only six samples were processed and counted in core 
BYL4 to test the suitability of the sediments for analysis. From core BYL6,40 samples, 
taken at 9 cm intervals, were processed, all of which were counted for microscopic
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charcoal. Only the core-top sample was counted for pollen, to use as a surface sample. 
The same was true for core BLK, where 23 samples were taken at 9 cm intervals, 
processed and counted for charcoal, while only the core-top sample was counted for 
pollen.
4.2.7. Pollen counting
Once samples were processed and mounted on slides, counts were made of 
pollen types and charcoal abundance in each sample. Counting was done on a Leica ATC 
2000 compound microscope, fitted with 10X eyepieces and 4X, 10X, 40X, and 100X 
achromat objectives. Each slide had a sample area of ca. 20 x 20 mm (22 x 22 mm cover 
slips were sealed with fingernail polish), and vertical transects were spaced every 1.5 mm 
from each other, so 12-13 transects were covered per slide. Determinations and counting 
were done mostly at 400X, except where identification was difficult and 1000X was 
required.
Slides were prepared and counted for each sample until a total of at least 300 
pollen grains and pteridophyte spores were counted. This total count included unknown 
types, i.e., types which were visible and in decent condition, but which could not be 
matched to any reference type. The total o f300 did not include indeterminable grains, 
where the condition of the grain made recognition of diagnostic features impossible. 
Also, in some cases where the pollen assemblage was heavily dominated by one type 
(Tetrameles), counts totaling at least 200 other grains were made.
Counts were recorded by hand then transferred to a spreadsheet, sorted, and 
again transferred to the Tilia program (Grimm 1992) for calculation of percentages,
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concentrations and influx. These calculations were then plotted in the Tilia-Graph 
(Grimm 1992) program, and are presented in Chapter 5.
4.2.8. Charcoal counting
The basic methodology for charcoal analysis has been discussed in Waddington 
(1969), Clark (1983), Clark (1988), Patterson et al. (1987), MacDonald et al. (1991), 
and Whitlock and Milspaugh (1996). Although a method for chemical analysis of 
elemental carbon in sediments has been described (Winkler 1985), several reviewers 
found that that method was sometimes misleading and neglected certain options in 
interpretation of the charcoal record which are available from counting of microscopic 
particles. Of the methods described and summarized in Patterson et al. (1987), the 
grid/area method of counting was chosen for this project. A grid eyepiece was used in 
the microscope during counting of charcoal particles, the 10 x 10 grid consisting of 
squares which each translate (in the field of view at 400X) to 25 pm x 25 pm, or 625 
pm2. Each slide was traversed in the usual pattern for pollen counting, described above, 
and each piece of charcoal encountered was estimated for surface area by counting the 
number of half squares it occupied (i.e. 312 pm2). Although a volumetric measure of the 
charcoal would be more appropriate mathematically, charcoal particles were almost 
uniformly flat and perhaps only about 1 pm thick, so surface area measurement seemed 
appropriate. Charcoal concentration was calculated using the spike of approximately 
14,000 Lycopodium spores added to each sediment sample. The area of charcoal 
particles counted in each sample was compared to the number of exotic spores counted 
(usually 50) to calculate the area of charcoal encountered per unit of volume of 
sediment, i.e., in mm2 charcoal per ml of sediment.
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Counting the total area of charcoal in each sample avoided the step of classifying 
charcoal particles by size. This step was intentionally eliminated for two reasons. First, it 
is not confirmed that different size classes of charcoal particles necessarily represent 
different aspects (e.g., scales) of the burning regime. Clark (1988) theorizes that larger 
particles (thin-section size, 50-10,000 pm diameter) represent local fires while smaller 
particles (pollen slide size, 5-80 pm diameter) represent regional-subcontinental fire 
regime. This deduction is based on experiments in particle transport, suggesting that 
larger particles will only be carried short distances, and only by strong winds. Smaller 
particles, once exposed to winds exceeding a certain critical velocity, will be suspended 
in the atmosphere and can travel long distances, perhaps hundreds of miles. Such a 
method is used in actual analysis of sediments (Clark and Royall 1995). However, 
Patterson et al. (1987) cite studies where known fires were monitored for particle size 
distribution and the pattern was not as clear as proposed by Clark. Moreover, Whitlock 
and Milspaugh (1996) found all size classes well represented in surface sediments 
following documented local fires, and observed that studies done on the topic up to now 
have not been sufficiently controlled to prove a relationship between particle size and 
distance from the fire.
Second, size classes may be misleading due to differences in processing. For 
example, sediment samples with relatively high clay content require more vigorous 
(therefore abrasive) stirring during processing than samples with low clay content. The 
more vigorous stirring can result in larger particles being broken down in size, thus 
artificially biasing the interpretation in favor of smaller, “regional scale” charcoal.
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CHAPTER 5. RESULTS OF FIELDWORK AND LABORATORY 
ANALYSES
This chapter begins with a brief synopsis of interview results from villages 
surrounding the core sites. The bulk of the chapter contains summary results of 
laboratory treatments of sediments from cores discussed in Chapter 4, which consist of 
1) sediment description and LOI percentage data for water, organic carbon and inorganic 
carbon content; 2) I4C age determinations, and complicating factors; 3) pollen counts; 
and, 4) charcoal counts. The focus throughout this section is on core BYK2. However, 
some 14C dating results from other cores are relevant to a working chronology for 
BYK2, as are charcoal data from Yeak Laom and Lumkat Lakes which figure into the 
data interpretations discussed in the following chapter.
5.1. INTERVIEW INFORMATION
5.1.1. Local land-use
Interview responses are presented in the form of a narrative summary rather than 
a tabulation of standard responses, because responses were given to relatively open- 
ended questions, so were not necessarily comparable.
There emerged from the interviews a few important generalizations about the 
relationship between fire regime and vegetation cover for the study area in the present 
day. There are two types of fire regime in northeastern Cambodia. 1) annual ground- 
layer fires in areas of dry deciduous forest, and 2) fires occurring irregularly but with 
return times of ca. 5-30 years, in areas where the soil supports or could support semi­
evergreen forest. There are significant variations within these two patterns, but the basic
125
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
patterns allow a separation of the purposes and landscape scale impacts for the two 
regimes, which help with interpretation of the charcoal and pollen records.
In the areas of poor soils (plinthite podzols and grey hydromorphs, according to 
Crocker 1962; dae saw, in Khmer) and dry deciduous forest, fires occur every year, 
usually fast, low-intensity ground fires. The material burned is mostly grass and leaf 
litter. Dominant trees in this forest (Dipterocarpus tuberailatus, D. obmsifolius, D. 
intricatus, Shorea siamensis, S. obtusa, Terminalia tomentosa, Careya sphaerica are the 
most common) have thick, fire resistant bark. The burning is done from January through 
April (late dry season), and triggers regrowth of fresh grass for cattle forage and for use 
in house construction. Fires are set usually to open up the ground for travel and hunting. 
Because the environment is so dry, fires get out of control easily, and many of the fires 
are accidental results of smoking, cooking, resin extraction from dipterocarps, or efforts 
to smoke out bees or other wild animals from hollow logs. The people we interviewed 
said that there are no natural fires, i.e., people set the fires. The villagers we talked to did 
not say that providing fresh grass for cattle forage is a motivation for burning, which is 
mentioned in several descriptions of this vegetation type. Lumkat Lake is located in this 
type of environment.
In areas of fertile soil, especially volcanically-derived soils, fires are associated 
with swidden cultivation. The material burned is anything from herbaceous weeds (i.e., 
Imperata cylindrica, Themeda triandra and other grasses, and Eupatorium odoratum) 
to mature forest, although the burning of mature forest is very rare. Most of the swidden 
cultivation on the rich volcanic soils (latosols and regurs, according to the soil map of 
Crocker 1962; dae kraham in Khmer) calls for 3-5 years of cultivation and a 3-10 year
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fallow period, which allows regrowth varying from dense Eupatorium scrub to dense 
stands of trees approaching pole-size. Fires associated with this regime are not natural, 
and are far less likely to get out of control than those set in dry forest. Yeak Laom Lake 
is located in such an environment.
The plants most commonly cultivated in swidden plots include: Oryza sativa 
(rice), Zea mays (corn or maize), Saccharum officinarum (sugar cane), Cucurbitaceae 
(gourds, pumpkin squashes, cucumbers, melons), Solanaceae (hot peppers), Legumes 
(peanuts, beans, tamarind), Sesamum indicum (sesame), Manihot spp. (sweet and bitter 
cassavas), Dioscorea spp. (yams), Allium spp. (onion and garlic), Ananas comosus 
(pineapple), and the cultivated trees Bombax ceiba (or Ceiba sp., kapok), Musa 
sapientum (banana), Anacardium occidentale (cashew), Mangi/era indica (mango), 
Carica papaya (papaya), and Artocarpus heterophyllus (jackfruit). Other than bananas 
and cashews, the trees are more likely to be found near village sites, although swiddens 
may be situated on abandoned village sites which contain these trees.
One variation on the typical site for swidden seems to be an adaptation to the 
poorer soils in the dry forests. In some lowland areas, off the basalt plateau but adjacent 
to permanent streams, small “swidden” plots may be established by cutting and burning 
bamboo stands. The soil is relatively good in these sites, high in organic matter, and 
drains better than soils under dry forest. The usual cycle calls for two (sometimes one) 
years of cultivation and maybe 7 years of fallow. Crops are much the same as those 
grown in upland plots, including rice, but without trees, as these plots are usually small.
Beyond these generalizations, the relationships between fire and indigenous land- 
use get very complicated, especially when trying to determine whether vegetation in a
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particular site is constrained by soil fertility, soil drainage, fire frequency, or a 
combination of those factors. Over most of the region outside the study area, swidden 
cultivation occurs on geologic formations older than the Pleistocene volcanics, but on 
slopes where soils, usually brown earths, may be relatively deep, fertile and well-drained. 
Because those soils are situated on slopes, the plots can be subject to extensive erosion, 
especially if vegetation recovery after abandonment is slow; and recovery may be slower 
the longer the plot has been continuously cultivated. In such cases past (agri-)cultural 
practices have more effect on the success or sustainability of swidden farming than in 
areas where the soils are more consistently deep and fertile.
Because of the apparent correlation between soil age/fertility and vegetation 
structure/fire regime, it is helpful to bear in mind that the substrate around the lower lake 
sites (Yeak Kara and Lumkat) is geologically patchy, with islands of young volcanics 
perched on top of older, depleted hydromorphic soils. This means that patches of dense 
semi-evergreen forests may be surrounded by dry deciduous forest with an abrupt 
boundary between them. In such cases, the edges of these patches of dense forest are 
subject to the same fire regime as the dry forest, and it is interesting to note how forest 
structure changes across the geological boundary, which is not necessarily a boundary in 
fire frequency. Yeak Kara is situated in such a patch of recent volcanic substrate, 
perched on older soils.
One more fire regime should be mentioned, as it bears on pollen and charcoal 
provenance for Yeak Kara Lake. Large areas of forest which would be classified as semi­
evergreen or mixed deciduous (or semi-dense, in the French scheme) are also subject to 
frequent ground fires, not related to swidden cultivation. In this case a ground layer of
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tree seedlings, small trees and leaf litter, but without grass, can bum in relatively dry 
years, or, in some patches, every year at the driest time of year. These fires typically do 
not damage the larger trees. Often forests subject to this regime are dominated by 
Lagerstroemia spp., with as much as 90% cover and frequency, and various 
Leguminosae trees also are important. It was not possible during this study to determine 
how frequently or how intensely such fires run through this closed forest, but people at 
Phum Chrey (Lumphat Dist.) said that they bum the forest areas around the lakes (i.e., 
Yeak Kara and Yeak Om), and the resulting forest is still fairly dense. Lagerstroemia is 
present but not frequent around Yeak Kara Lake
Of the people interviewed for this study, none could recall any natural fires, e.g. 
caused by lightning, in the study area. This comment should be taken in light of the 
common observation that fires set in the dry forest frequently, or usually, go out of 
control, especially in relatively dry years. That situation indicates that, although fires are 
started by people, the climate brings about conditions which favor burning every year. 
When local people were asked what would happen if they did not set fires, most 
responded that it would be difficult and dangerous to hunt and to walk between villages 
(because tall grass could hide animals), and that the forest would not look good, it would 
be a mess. They did not say that delayed fires might eventually be more extensive, more 
intense and, therefore, more destructive, as is explained in Stott (1988).
Finally, one last observation may be pertinent to interpretation of the core data, 
None of the people interviewed could recall any settlement on any of the lakes, and most 
said flatly that there had never been settlements on the lakes. At Yeak Laom, there were 
formerly taboos against clearing any vegetation from the lakesides. Those taboos broke
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down in the 1970s and 1980s as the Khmer Rouge had degraded local religion by 
imposing land-use methods with no consideration for natural spirits. Once traditions 
were broken, it became more commonplace for local villagers to cut forest wherever it 
was available. Villagers at Phum Chrey also said that forest was cut around Yeak Kara 
and Yeak Om during Khmer Rouge rule. All the lakes are used regularly for fishing and 
the lakes in Lumphat are hunted for crocodiles and their eggs. The deeper lakes are used 
occasionally for bathing, although people from nearby villages never go into the deepest 
parts of the lakes. But any uses that require cutting of trees around the lakes are 
prohibited, except in cases, around Yeak Laom, when outsiders claimed land and cleared 
trees recently.
5.1.2. Lakeside and adjacent vegetation
Plants identified by village residents and/or trained Cambodian foresters as 
growing in the forest areas around the study sites are listed in Tables 5.1 and 5.2. The 
plants are listed in descending approximate order of importance, although cover and 
frequency measurements were not made for this study. These lists are not to be taken as 
comprehensive, for several reasons. First, and most obvious, is that no formal collections 
or direct determinations were made. Second, local names often could not be matched 
with published botanical names. The few detailed botanical studies done in the Indochina 
region covered western and southwestern Cambodia, patches of Laos, and the Central 
Highlands of Vietnam. Of those, only the study from western Cambodia (Martin 1971) 
systematically matched Khmer names with botanical names. As useful as that is, some 
local names from the Cardamom Mountains are apparently not used in Ratanakiri, and 
vice-versa. Also, although the study from Vietnam (Schmid 1974) does have a glossary
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Table 5.1. Plant types named in surveys from semi-evergreen forest.
Local names are approximate transliterations of Khmer, except in cases where 
only the Lao (L) or Tampuen (T) were known.
Botanical names come from various sources, including: Martin 1971; Matras and 
Martin 1972; Rollet 1962; Forest Department (n.d.); Ministry of Health (n.d.). Where 
possible, names are updated from original references, using Mabberley (1997).
a. Yeak Kara Lake
Local name Genus, species Family
CANOPY TREES
koki thmaw Hopea ferrea Dipterocarpaceae
yot (T and L) ?
pa’ong Calophyiltim saigonense Guttiferae
chrey Fiats sp. Moraceae
svay prey Mangi/era indica Anacardiaceae
chhoeuteal tuk Dipterocarpus alatus Dipterocarpaceae
smaich domrae Syzygium sp.? Myrtaceae
pring tuk, pring bai Eugenia spp. Myrtaceae
neang nuon Dalbergia bariensis Pap. Leguminosae
trawng chok (T) Elaeocarpus sp. Elaeocarpaceae
tep bung rou Schleichera oleosa? Sapindaceae
krabau Hydnocarpus anthelmintica Flacourtiaceae
preas phnieu Terminalia nigrovemtlosa Combretaceae




lovea gok Fiats sp. Moraceae
russey prik Bambusa sp. Gramineae
kroich chhma prey Atalantia citroides? Rutaceae
knai niet Ilex sp. Aquifoliaceae
brawmauy domrae Heliotropium itidicuml Boraginaceae
pdau Calamus spp. Palmae
vor chenda sva (liana) 7
bai kdaing Ixora sp. Rubiaceae
praviel Amomum sp ? Zingiberaceae
rowi (T) ?
rum cheik Pandamts sp. Pandanaceae
tau Caryota sp. Palmae
trao prey Colocasia sp.? Araceae
AQUATICS
slap chung va Convolvulaceae
? Typha sp. Typhaceae
7 Blyxa sp. Hydrocharitaceae
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(Table 5.1 cont.) b. Yeak Laom Lake (mixed semi-evergreen and secondary forests)
CANOPY TREES
chhoeuteal tuk Dipterocarpus alatus Dipterocarpaceae
koki thmaw Hopeaferrea Dipterocarpaceae
phdiek saw Anisoptera glabra Dipterocarpaceae
sralao Lagerstroemia sp. ( L. 
calyculatal)
Lythraceae
neang nuon Dalbergia bariensis Pap. Leguminosae
pring tuk, pring bai Eugenia spp. Myrtaceae
krakas Sindora cochinchinensis Caes. Leguminosae
svay prey Mangifera indica Anacardiaceae
chrey Ficus sp. (strangler fig) Moraceae
spong Tetrameles nudiflora Datiscaceae
popoul thmaw Vitex pubescens Verbenaceae
reang phnom Shorea siamensis Dipterocarpaceae
koki ksaich Hopea pierrei Dipterocarpaceae
trawseich Peltophorum ferrugineum Caes. Leguminosae
chambak Irvingia malayana Irvingiaceae
chhoeu pleung Diospyros hermaphroditica Ebenaceae
baeng Afzelia cochinchinensis Caes. Leguminosae
thlok Paranari annamense Chrysobalanaceae
smaich Melaleuca? sp. Myrtaceae




mak prang Bouea burmannica Anacardiaceae
UNDERSTORY
russey kley Bambusa arundinacea Gramineae
kroich prey, knai niet Ilex sp. Aquifoliaceae
longieng or rongieng Cratoxylum sp. Guttiferae
kroich chhma prey Atalantia citroides? Rutaceae
trawmung Garcinia oliveri Guttiferae
lovea Ficus sp. Moracae
kontuot prey Phyllanthus emblica Euphorbiaceae
daw khla Gardenia angkoriensis Rubiaceae
pdao (rattan) Calamus sp. Palmae
rey (liana) Rotula aquatica Boraginaceae
SCRUB (SWIDDEN 
EDGE)
kontrieng khet Eupatorium odoratum Compositae
sbov Imperata cylindrica Gramineae
? Mimosa sp ? Mim. Leguminosae
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Table 5.2. Plant types named in surveys from dry deciduous dipterocarp forest.
Between Yeak Kara and Lumlcat Lakes
Local name Genus, species Family
klong Dipterocarpus tuberculatus Dipterocarpaceae
tbeng Dipterocarpus obtusifolius Dipterocarpaceae
pchek reang Shorea obtusa Dipterocarpaceae
reang phnom Shorea siamensis Dipterocarpaceae
chhlik Terminalia tomentosa Combretaceae
kandol Careya sphaerica Lecythidaceae
thnong Pterocarpus pedatus Caes. Leguminosae
pram damlong Terminalia sp. Combretaceae
sokram Xylia xylocarpa Mim. Leguminosae
popel Shorea talura Dipterocarpaceae
pring Eugenia spp. Myrtaceae
prang Cycas mersa Cycadaceae
butrea prey Zizyphus sp. Rhamnaceae
prawviet Strychnos mtx-blanda Strychnaceae
nyo Morinda tomentosa Rubiaceae
phlu tuich Dillenia sp. Dilleniaceae
chung ko Bauhinia sp. Caes. Leguminosae
chehuey Curcuma sp. Zingiberaceae
daung preas ? Palmae
smav several spp. (not Imperata 
cylindrica)
Gramineae
of selected plant names using six different indigenous languages, Tampuen is not one of 
them, and trying to match Tampuen names with known species in other languages 
proved fruitless.
Third, Cambodians trained in tree identification, who usually have not lived long 
in Ratanakiri, have focused on marketable timber species, not understory plants, unless 
those understory plants are common in domestic use, like cooking, traditional medicine, 
construction, etc. Long-time residents of Ratanakiri, i.e., villagers near the study sites
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and, especially, traditional healers, may know many or all the plants encountered on a 
transect of the forest, but may know none of the Khmer names. They also may be 
reluctant to identify certain plants, in any language, to outsiders.
Although these problems have made the botanical aspects of this study somewhat 
imprecise, the lakeside vegetation surveys were definitely useful for forming an idea of 
the relationship between the most important taxa in the vegetation cover and pollen rain. 
That relationship is discussed in detail below, with results of surface sediment pollen 
counts. The surveys provided an approximation of frequency for the canopy dominants, 
which could be compared with pollen type abundances in the surface and fossil 
sediments. The surveys also forced both the author and helpers to look for diversity in 
the understory, to determine whether smaller plants might contribute significantly to the 
pollen rain.
5.2. SEDIMENT CHARACTERISTICS AND LOSS-ON-IGNITION
Much of core BYK2 is composed of fine-grained sediments of less than 50% 
organic content, but some sections are marked by distinct carbonate laminae. LOI figures 
reveal marked variation in the proportions of water, organic carbon and inorganic carbon 
(Figure 5.1). Patterns in sediment texture and color and in the three LOI variables may 
be broken down into three general periods, 1) from the base of the core at 1500 cm to an 
abrupt boundary at a core depth of 1270 cm, 2) from there to a more gradual transition 
at ca. 730 cm, and 3) from the 730 cm level to the surface. Below 1270 cm, the 
sediments, other than anomalous laminae at 1380 cm, are consistently dark, fine-grained 
gyttja. These sediments contain only a negligible quantity of recognizable plant 
macrofossils, e.g., leaf fragments. All three LOI variables show stable values. Water
134
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 4 0  -  8 0  I
2 8 2 0  j  8 0  I
4 7 7 0  r  9 0  I
8 3 9 0  t  7 0  |  
8 5 1 0  i  1 1 0 "




.  1 4 0 0
2 0  4 0  '  2 0
percent dry weight
2 0  4 0  6 0  8 0  1 0 0 1
percent wet weight
Figure 5.1. Loss-on-Ignition (LOI) and water content, by section, core BYK2
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content is relatively low, averaging ca. 65-70% while organic carbon content hovers at 
ca. 15-17%, and CO3 is steady at 2.5-3%. The Munsell color through this section is 2.5Y 
2.5/1. The anomaly at 1380 cm is a foreshadowing of an upcore pattern, discussed 
below, with distinct, finely alternating carbonate/organic laminae. Values for water and 
organic carbon in these laminae dip and then rise over 10 cm, 58-80% and 10-17%, 
respectively, and CO3 values vary around 9-24%.
The boundary in sediment characteristics at 1270 cm depth is marked most 
distinctly by the abrupt introduction of carbonate laminae (Figs. 5.2a-b), which persist 
with varying frequency up to ca. 730 cm. These are horizontal layers of carbonate 
alternating with organic sediments, with laminae varying in thickness from I to 3-4 mm. 
Although no elemental analysis has been done on these sediments, the light colored 
portions are labelled as carbonate because of their high relative weight loss in 1000° C 
LOI, and because of their strong reaction to 10% HC1. LOI values for this section range 
around 6-30% for inorganic carbon. Texture for these layers is fine-grained and chalky. 
Although some of the layers appear to have visibly coarser texture (up to a gravelly 
texture) such larger pieces crumble easily when rubbed between the thumb and finger, 
and the resulting powder is chalky. Typical Munsell colors for the carbonate laminae 
range between 10YR 6/3 and 2.5Y 7/2.
Organic layers dispersed through this section of the core are composed of dark 
fine-grained organic matter. At the lower end, ca. 1270-1230 cm, the organic laminae 
are quite thin, usually only 1 mm. Above that level, the distribution of concentrations of 
laminae is more erratic, and more of the core is composed simply of fine-grained organic
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Figure 5.2. Carbonate laminae, core BYK2: a) Upper half of section 11 (66 cm long, 
with top on left), showing abrupt transition to carbonate deposition at 1270 cm depth 
(center); b) Detail of carbonate laminae at top of section 11. Units are millimeters.
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sediments. In sections where there is tight alternation of chalky and organic layers, the 
organics are colored 10YR - 2.5Y, 3/2 - 4/2.
This section can be subdivided into periods based on trends in LOI values. At 
1270-1230 cm, carbonate values peak at close to 30%, while both water and organic 
carbon fall to their lowest levels for the entire core, 51% and 8%, respectively. Above 
that, water content comes up above 80% and stays there through the rest of the core, 
except for three short mid-core transitions centered around 1130 cm, 950 cm, and 830 
cm. Organic carbon content is somewhat more erratic, but a mean value of 16.7% for the 
1220-950 cm section is slightly higher than the 13.5% for the subsequent section at 950- 
730 cm.
Following the brief peak at 1270-1230 cm, the carbonate record shows further 
oscillations. Low values occur at 1230-1140 cm, followed by second peak at 1140-1090 
cm, a trough at 1090-1000 cm, and finally an erratic period with a high mean value 
between 1000 cm and 750 cm. During this last phase, the peak value for the whole core 
of 30% occurs at 950 cm. These high carbonate periods become, visually, less and less 
obvious in the sediments, moving up the core, although 2-3 mm laminae can still be 
distinguished at 758 cm and 754 cm.
In the uppermost section of the core, from 730 cm to the top, sediments are 
visually unremarkable. The color changes to a slightly greener hue, Munsell’s 5Y 3/2. 
There are a few sections of slightly redder hue (10YR 3/2) at 440-424 cm, 394-370 cm 
and 320-290 cm, and in these areas the sediment is slightly more fibrous. The general 
trends going up the core over this section are for water content to stay high, organic
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content to rise with marked fluctuations, and carbonate to decrease with only a few 
minor peaks.
Water content maintains values over 84% except for five samples. Some of the 
minor variations in water content can be attributed to small leaks from core sections 
during storage and transportation.
Organic carbon content begins this upper section with an abrupt rise in values at 
730-715 cm to as high as 27%, before a drop-off between 620 cm and 490 cm. Another 
gradual peak follows, as values climb to 36% at the 400 cm depth. A subsequent drop­
off leads to a period of stable values ca. 24-27% at 320-80 cm depth. Above that level, 
the signal climbs steadily to a high of 45% at the surface.
During this same period, carbonate values decline to less than 4% between 700 
cm and 550 cm, then reach a plateau of 6-7% up to 400 cm, with one sharp peak to 16% 
at 495 cm. After a minor smooth trough and peak at 380-280 cm, the values stay low 
and steady to the surface, where modem sediments contain 2.3% carbonate.
A first glance at the charts for LOI suggests that there might be an inverse 
relationship between organic carbon and carbonate, because that pattern is obvious in 
some of the carbonate peaks, especially at 1270-1230 cm depth. However, the Pearson 
corrrelation coefficient for the two sets, using 5-sample running means for each, is -0.49, 
or r2 = .244, which suggests a weak negative correlation between the two variables. This 
poor fit between the two is interesting in light of the data from Yunnan lakes, where 
positive correlation between organic carbon content and carbonate helps prove that the 
calcite precipitation in the water column is largely controlled by changes in lake 
productivity and that the calcite is biogenic (Whitmore et al. 1994; Hodell et al., in
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prep ). Conditions governing calcite precipitation in Yeak Kara Lake may be different 
from those in Yunnan lakes. This question is discussed more below, as the carbonate 
precipitation has affected radiocarbon dating of at least some of the samples from Yeak 
Kara.
LOI measurements were also carried out on the 9-meter core BYK, taken from 
Yeak Kara Lake in 1995. The pattern of changes (not shown) is close or identical to the 
series in the top nine meters of core BYK2.
The LOI data for cores BYL6 and BLK are not shown here because, in both 
cores, variation in the values for water, organic carbon and CO3 were not large. For 
BYL6, water content varied between 74% and 87%, organic carbon between 15% and 
22%, and inorganic carbon between 1.6% and 3 .5%. Water and inorganic carbon values 
averaged slightly higher in the upper meter of the core, while carbonate values were 
slightly lower in the middle third of the core. In BLK, percentage values were 62-77% 
for water, with higher values toward the top; 7-12% for organic carbon, also with higher 
values near the top; and 2.2-3.5% for carbonate, with lower values near the top. These 
data indicate that sediment deposited in a dry forest area, as around Lumkat, is lower in 
organic matter than sediments from the semi-evergreen forests surrounding Yeak Laom. 
Sediments from Lumkat were richer in clay, stickier, and lighter colored than those from 
both Yeak Laom and Yeak Kara.
S.3. RADIOCARBON DATING AND CORE CHRONOLOGY
From all cores taken in Ratanakiri over three years, a total of 14 samples were 
submitted to Beta Analytic, Inc. for I4C age determinations. Results are presented in 
Table 5 .3. The majority of samples were taken from core BYK2, to establish a workable
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Table 5.3. Radiocarbon age determinations, Ratanakiri lake cores








190 2050 70 72329 1.7 186-196 standard, bulk, 50 g wet
Core BYL6
360 3860 140 92738 2.48 350-358 standard, bulk, 75 g wet
Core BLK
200 2460 150 92737 3.43 190-200 standard, bulk, 80 g wet
Core BYK
490 3260 70 83566 4.88 480-490 standard, bulk, 120 g wet
762 6900 90 83567 5.78 755-762 standard, ext. counting, bulk, 130 g wet
890 9430 240 83055 12.77 885-890 standard, ext. counting, bulk, 100 g wet
Core BYK2
62 440 80 95637 2.74 50-74 standard, bulk, 240 g wet
357 2820 80 110329 2.61 345-370 standard, bulk, 200 g wet
611 4770 90 98722 3.93 602-620 standard, bulk, 160 g wet
1030 10350 170 98723 8.11 1017-1043 standard, bulk, 160 g wet
1255 21560 350 112546 24.91 1240-1270 standard, untreated sediment, bulk, 45 g wet
1255 8390 70 112545 0 1240-1270 AMS, charcoal, 6 mg
1276 8510 110 95638 2.26 1270-1282 standard, ext. counting, bulk, 140 g wet
1496 9300 50 92736 2.46 1490-1502 AMS, bulk, 12 g wet
core chronology, but one of those samples was submitted more for explanation of error 
than for enhancement of the chronology.
Dates for cores from Yeak Laom and Lumkat Lakes come only from the core­
bottom sediments. Both of the dates from Yeak Laom cores, one from 2 m depth and the 
other from 3.6 m, give an interpolated sedimentation rate, assuming modem sediments at 
the core top, of 0.093 cm per yr, or 9.3 cm per century. For core BLK from Lumkat 
Lake, the interpolated sedimentation rate is slightly lower, at 0.081 cm per yr, or 8.1 cm 
per century. The LOI data have already suggested, by their relatively narrow range of 
values, that there were no significant variations in sediment characteristics through the 
cores, i.e., no events of markedly increased basin erosion indicated by less organic 
sediments. So the sedimentation rate has probably been fairly constant in these lakes, 
and a chronology based on linear interpolation should be accurate. The interpolated 
chronology is used in plotting microscopic charcoal data from Yeak Laom and Lumkat 
Lakes.
One of the first questions suggested by the radiocarbon data, and one of the last 
to be resolved, is how sediment carbonates affect the age determinations. That, in turn, 
begs the question of what the carbonate deposits say about site environmental 
conditions. I have not yet been able to resolve conclusively two related questions: 1) 
whether deposition of the carbonate laminae was induced biologically or geologically, 
and 2) whether some “accepted” dates from low-carbonate sections of the core may also 
be inaccurate due to old carbon contamination. Because these questions directly affect 
the chronology for core BYK2, some discussion is necessary before presentation of that 
chronology.
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The first core from Yeak Kara Lake, core BYK, provided a basal date of 9430 ± 
240 BP. That sample was taken from 9 m depth. Imagine my surprise when the basal 
date from core BYK2, taken from 15 m depth, came to only 9300 ± 50 BP. A 
comparison of LOI carbonate values with I4C age determinations suggested that older 
dates were associated with higher carbonate values (Table 5.3). Eventually this was 
confirmed by comparison of ages from two samples taken from the same level in BYK2, 
at 1255 cm. One sample consisting only of charcoal particles was tested by AMS and 
determined to be ca. 8390 yrs old. The other sample taken from the same level was a 
section of bulk sediment dominated by carbonate laminae, which was not treated by Beta 
in the normal procedure of acid washing. That sample returned a date of 21,560 ±350 
BP, which was taken as an indication that the carbonates are composed, at least partially, 
of old carbon. The former date, 8390 BP, was taken as accurate, since the method and 
material precluded the possibility of old carbon contamination.
Problems with l4C dating due to old carbon, often termed the “hardwater effect” 
have been recognized for a long time (Deevey et al. 1954), and are far from being 
completely resolved (MacDonald et al. 1987; Aravena et al. 1992; Benson 1993). 
Problems are due to the fact that the carbon contained in some samples comes from 
sources that are geologically older (usually dissolved from limestone) than the age when 
the sample material is deposited. So the total carbon used for dating is relatively depleted 
in the 14C isotope, which gives an erroneously old age for adjacent deposits.
Although it would appear plausible simply to reject dates from high carbonate 
sections and accept dates from low carbonate sections, that may not be a satisfactory 
solution. According to Beta, carbonate is eliminated from sample material by acid
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washes during normal pre-treatment of bulk sediments. Only organic material is used for 
age determinations (Hatfield, pers. comm.). Therefore, the problem is that there is a 
difference between the most obvious and measurable expression of old carbon, i.e., 
sediment laminae, and the source of dating error, which must be organic matter. 
Carbonate laminae in the sediments reflect precipitation of old carbon from the water 
column, but spuriously old 14C ages reflect submerged, aquatic plant, or algae, uptake of 
old carbon from the water column. If the laminae reflect lake water conditions of high 
productivity and/or relatively high temperature, that is a useful comment on the local 
environment. But there is a possibility that, during periods of time when there was no 
carbonate precipitation, the water column was still infused with old carbon which 
submerged aquatics and algae could take up, incorporate into their tissue, and which 
would eventually cause erroneous 14C dates. The only way to resolve the problem is to 
sieve sediment samples throughout the core for charcoal particles and submit the 
charcoal for AMS dating, as was done for the 1255 cm sample. Such a procedure was, 
unfortunately, not anticipated in the budget for this study.
Uncertainty about dates is common when working in lakes situated in karst 
terrain (Vaughan et al. 1985; Aravena et al. 1992), as mentioned above for the studies 
from Yunnan (Lin et al. 1986; Liu et al. 1986; Sun et al. 1986). However, a further 
complication peculiar to this study is that there are no known deposits of calcareous rock 
anywhere near the study sites (Lacombe 1969; Fontaine and Workman 1978; Bradford 
1971). Although much of the literature on the relationships between lake carbonates and 
dating emphasizes that calcite precipitation can be induced or impeded by changes in 
biological productivity (Kelts and Hsu 1978; Tucker and Wright 1990; MacDonald et al.
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1987; Aravena et al. 1992), I could find no indication that the ultimate source of old 
carbon in the water column could be anything other than geological. One possible 
explanation for the presence of old carbon is to assume that groundwater feeding into the 
lake may have occasionally been connected to deep calcareous deposits, possibly through 
volcanic vents. The geological history of volcanism in the area lends some support to 
that idea. But that suggestion also is suspect because the changes in calcite deposition 
seem to coincide with surface environmental changes, which should be unrelated to 
geological activity.
A question arises as to whether the relatively old ages in the high-carbonate 
sections might be due to sediment slumping in the lake, or erosion and inwashing of 
older sediments from the drainage basin. The problem is discussed in detail in Liu and 
Colinvaux’s (1988) analysis of a core from Lake Kumpaka in the Amazon lowlands. This 
idea is rejected as inapplicable to the present situation for two reasons. First, the lake is 
not surrounded by calcareous deposits, so there is no reason to expect basin erosion to 
produce calcareous deposition in the lake. Second, the laminae are fairly uniform in 
thickness and were deposited horizontally. There is no evidence of sediment turbulence 
which might result from slumping, and the regular pattern of the laminae does not 
suggest a threshold event like slumping. Furthermore, the thickness of each pair of 
carbonate-organic laminae, 1.5-3 mm, falls roughly within the range of annual 
sedimentation, which averages 1.8 mm/yr. over the section 1270-611 cm depth. That 
observation hints at a connection between calcite precipitation and seasonal cycle, e.g., a 
dry season increase in productivity, coupled with decreased dilution of lake waters by 
rain, may have triggered carbonate precipitation each dry season.
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Although the laminae suggest a connection with seasonal biological cycles, the 
inverse relationship between carbonate and organic sedimentation, however weak, 
argues otherwise. In Yunnan the positive correlation between organic and inorganic 
carbon sedimentation is undeniable (Hodell et al., in prep.; Whitmore et al. 1994), and 
the authors attribute the trend to a progressive increase in lake productivity as climate 
became warmer and wetter in the early Holocene. The environmental implications of the 
carbonate laminae in BYK2 are discussed further in the next chapter. For the purposes of 
establishing a chronology, it is assumed that the laminae represent neither surface erosion 
from the basin nor slumping of older lake sediments.
With the chronology anchored at 8390 for the 1255 cm level, the two deeper 
dates also can be accepted as plausible. Carbonate content is low in those samples. The 
8510 BP age at 1276 cm depth falls exactly on an age curve extrapolated from the 4770 
BP age (611 cm) and the 8390 BP age. The 9300 BP age comes with a particularly low 
error (±50 yrs ), and indicates a slightly elevated sedimentation rate in this bottom 
section. Once this bottom section is established, the upper chronology is supported by 1) 
the low carbonate content of samples above the 700 cm level, which may mean that 
those samples are not contaminated with old carbon; and 2) the conformance of the 
remaining low-carbonate samples to an interpolated chronology between an anchoring 
age of 8390 BP and assumed present-day sediments at the core top (see Figure 5.3). The 
assumption of continuous sedimentation to the present day is reasonable, as the LOI data 
give no indication of a depositional hiatus, especially not above the 960 cm level (where 
water content dips briefly to 67%).
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Age, 14C yrs. BP 
Figure 5.3. I4C Age vs. Depth in core BYK2
* Date rejected from chronology because of old carbon contamination. See text 
for explanation.
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For the foregoing reasons, the working core chronology described in Figure 5.3 
and Table 5 .4 uses all BYK2 ages with carbonate contents of less than 4%. Two rejected 
dates come from the untreated bulk sample at 1255 cm, described above, and from a 
sample at 1030 cm depth with a carbonate content of 8.1%. That last sample’s measured 
age is ca. 3000 years older than what is expected by interpolating between the other 
ages. This is the chronology which is used in all subsequent age calculations for BYK2. 
However, because of the uncertainties about hidden old carbon contamination described 
above, some of these accepted dates, especially in the upper part of the core, may be 
slightly older than the actual age of deposition for adjacent sediments.
Table 5.4. Sedimentation rates in core BYK2, by section
Core depth, cm Age range, 14C yrs. BP Sedimentation rate, cm/yr.
sediment surface - 62 modem - 440 0.14
62 - 357 440 - 2820 0.12
357- 611 2820 - 4770 0.13
611 - 1255 4770 - 8390 0.18
1255 - 1276 8390-8510 0.18
1276 - 1500 8510-9300 0.28
5.4. POLLEN
Results of the count totals for core BYK2 are discussed first, because the entire 
spectrum from that core suggests a scheme for grouping of types through which surface 
samples from the other lakes can be put into perspective. That is followed by a brief 
summary of the sediment surface samples from all three cored lakes, and the relationship 
of those surface samples to their respective lakeside vegetation types. Then I will return 
to discussing core BYK2, identifying stratigraphic zones and associated changes in the 
pollen assemblage.
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5.4.1. Core BYK2, count totals
Results of pollen count totals for all 85 sample levels in core BYK2 are 
summarized in Tables 5 .5 and 5 .6, and Appendix C contains description of types with 
more than 0.1% frequency. The variety of pollen types is high, at 171 types, but not as 
high as in cores from some tropical rain forests (e.g., see Liu and Colinvaux 1988).
Pollen taxa were assigned to groupings, mostly vegetation type groupings, according to 
species lists and qualitative observations published in vegetation studies by Schmid 
(1974), Rollet (1962), Dy Phon (1970), Vidal (1960) and Ogawa et al. (1961). 
Myrtaceae was segregated because the Eugenia type can represent several different 
species in a variety of ecological settings, i.e., semi-evergreen forest understory, dry 
forest, riparian forest, or secondary forest. Gramineae also were segregated for a similar 
reason, as grasses are common in dry forest, recent disturbances, and agricultural plots. 
The fact that there is no category for cultivated types is discussed below, in a section on 
surface samples from all three lakes.
The apparent dominance by dense forest types is not as overwhelming as it first 
appears, since 64% of grains in that grouping come from one type, Tetrameles comp. 
Other than that there is a fairly even distribution for the different types. Secondary/ 
disturbance taxa are the most abundant (if Tetrameles is excluded from the semi- 
evergeeen forest total), with 15% of the total number of grains and 37 types. Wetland/ 
riparian, Gramineae, Unknowns, Myrtaceae, and Understory types each contain more 
than 7% of the total. Highland/ subtropical types, 5% of the total, are more abundant in 
the lower part of the core, which is discussed below. Dry forest comes in with 3% of the 
total. Pteridophytes account for only 1%, although the climbing fern Stenochlaena,
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Table 5.5. Frequencies of pollen types counted in core BYK2.
See Appendix C for descriptions of pollen types. The term “comp.” indicates less 
than certain identification, and “sim.” indicates that the fossil grain has a general 
resemblance to some reference material (Maloney 1991, modified from Benninghoff and 
Kapp 1962).
Groupings are abbreviated as follows: F - Semi-evergreen forest canopy; M - 
Myrtaceae; G - Gramineae; S - Secondary or disturbance; U - Understory of semi- 
evergreen forest; W - Wetland or riparian; D - Dry forest; H - Highland or subtropical;
Total
grains
Pollen type Grouping Family
6195 Tetrameles comp. F Datiscaceae
2217 Myrtaceae < 14 M Myrtaceae
2031 Gramineae <33 G Gramineae
1378 Comb./ Melas. <15 S (F) Combretaceae/
Melastomataceae
878 Adina comp. F (D) Rubiaceae
876 Trema S Ulmaceae
861 Lagerstroemia F Lythraceae
682 Moraceae/ Urt. small P2 F Moraceae/ Urticaceae
538 Ficus F Moraceae
496 Hopea comp. F Dipterocarpaceae
467 Cyperaceae W Cyperaceae
467 Elaeocarpus (type 1) W Elaeocarpaceae
459 Comb/ Melast. > 15 D Comb./ Melas.
455 Gramineae > 33 G Gramineae
439 Ouercus comp. H Fagaceae
426 Stenochlaena palustris W Blechnaceae
418 Unk 6 (Zanthoxyluml) S Rutaceae?
386 Blyxa comp. w Hydrocharitaceae
366 M/U type 2 X Moraceae/ Urticaceae
335 Rhamnaceae/ Sapindaceae, cf. 
Zizyphus
S Rhamnaceae/ Sapindaceae
331 Adina, oblate type u Rubiaceae
304 Unk 2 (Corallodiscus, Paraboea?) S Gesneriaceae?
275 Lithocarpus/ Castanopsis type H Fagaceae
271 Sterculia comp. W Sterculiaceae
264 Engelhardtia s Juglandaceae
258 Calamus u Palmae
220 Pinus, cf. merkusii H Pinaceae
214 Myrtaceae > 14 M Myrtaceae
195 Homalium comp. W Flacourtiaceae (Sarny daceae)
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Pollen type Grouping Family
186 Palmae, type 1 U Palmae
173 Unk 1 (Moraceae?) X Moraceae
163 Macarcmga s Euphorbiaceae
160 Unk 15 (Dobineal) X Anacardiaceae?
153 Lithocarpus/ Castanopsis sim. H Fagaceae
136 Shorea comp. D Dipterocarpaceae
124 Artocarpus comp. F Moraceae
117 Canarium comp. F Burseraceae
117 Celtis H Ulmaceae
117 Monolete, Polypodium type P Polypodiaceae
117 prob. Monocot W
99 Arisaema sim. w Araceae
99 Monolete smooth p
99 Phyllcmthus, C4P4 s Euphorbiaceae
96 Mallotus s Euphorbiaceae
94 Grewia s Tiliaceae
94 Unk 5 (Hopea?) F
91 Gluta sim. F Anacardiaceae
91 Palmae, other U Palmae
88 Unk 16 X
87 Irvirtgia comp. F Irvingiaceae
(Simaroubaceae)
83 Baccaurea sim. F Euphorbiaceae
79 Mor./ Urt. large P2 S Moraceae/ Urticaceae
77 Ilex U Aquifoliaceae
74 Euphorb. type S Euphorbiaceae
72 Holoptelea H Ulmaceae
65 Phoenix D Palmae
59 Adenanthera F Mim. Leguminosae
53 Carallia F Rhizophoraceae
52 Ardisia sim. S Myrsinaceae
50 Pandanus w Pandanaceae
46 Dipterocarpus F Dipterocarpaceae
46 Myrica W Myricaeae
46 Trilete P Pteridophyta
39 Monolete textured P Pteridophyta
39 Unk 7 X
37 Cephalanthus comp. u Rubiaceae
37 lodes sim. D Icacinaceae
36 Utricularia W Lentibulariaceae
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Pollen type Grouping Family
35 R/S reticulate type U Rhamnaceae/ Sapindaceae
34 Anisoptera comp. F Dipterocarpaceae
33 Diospyros comp. U Ebenaceae
32 Unk 2, large X
31 Vatica comp. D Dipterocarpaceae
30 Duabanga W Sonneratiaceae
29 Amaranthaceae S Amaranthaceae
29 Careya D Lecythidaceae
28 Premna comp. S Verbenaceae
27 Aglaia Chrysophyllum F Meliaceae/ Sapotaceae
27 Desmodium comp. S Pap. Leguminosae
27 Pterospermum F Sterculiaceae
27 Unk 10 (Legum.?) X
26 Lythraceae, other D Lythraceae
26 Quercus type 2 H Fagaceae
24 Acalypha S Euphorbiaceae
24 Antidesma comp. s Euphorbiaceae
24 Areca sim. u Palmae
24 Ouercus sim. H Fagaceae
22 Unk 4 (Sterculia?) X Sterculiaceae
21 Compositae, long spine s Compositae
21 UlmusGironniera H Ulmaceae
20 Alchomea sim s Euphorbiaceae
20 Dillenia D Dilleniaceae
20 Peltophorum W Caes. Leguminosae
20 Unk 17 (Ouercus?) X Fagaceae
20 Vitex sim. F Verbenaceae
19 Comb/Melast.>20 F Comb./ Melas.
18 Dacrydium H Podocarpaceae
17 Crypteronia D Crypteroniaceae
16 Mangifera sim F Anacardiaceae
15 Dalbergia sim W Pap. Leguminosae
14 Piperaceae S Piperaceae
12 Linociera sim. u Oleaceae
11 Glochidion s Euphorbiaceae
11 Litsea sim H Lauraceae
11 Maesa comp. U Myrsinaceae
11 Olax/Kleinhovia sim D Olacaceae/ Sterculiaceae
11 Toona comp. F Meliaceae
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Pollen type Grouping Family
11 Zanthoxylum comp. S Rutaceae
10 Caesalpinia S Caes. Leguminosae
10 Canthmm comp. u Rubiaceae
10 Cassia comp. F Caes. Leguminosae
10 Dialium comp. F Pap. Leguminosae
9 Elaeocarpus (type 2) W Elaeocarpaceae
9 Spondias sim. F Anacardiaceae
8 Cratoxylum comp. S Guttiferae
8 Loranthus comp. D Loranthaceae
8 Podocarpus H Podocarpaceae
7 Adina, prolate U Rubiaceae
7 Meliaceae/ Sapotaceae F Meliaceae/ Sapotaceae
7 Solanaceae S Solanaceae
7 Unk 19 X
6 Adina, retie. u Rubiaceae
6 Clausena comp. s Rutaceae
6 Convolvulaceae s Convolvulaceae
6 Heritiera comp. F Sterculiaceae
6 Hydnocarpus comp. W Flacourtiaceae
6 Morinda comp. U Rubiaceae
5 Calophyllum comp. S Guttiferae
5 Citrus comp. U Rutaceae
5 Eurya comp. s Theaceae
5 Fagraea F Gentianaceae (Loganiaceae)
5 Hedyotis sim. U Rubiaceae
5 Holarrhena comp. S Apocynaceae
5 Oleaceae (JasmimmP) u Oleaceae
5 Salix sim. w Salicaceae
5 Symplocos comp. H Symplocaceae
4 Altingia H Hamamelidaceae
(Altingiaceae)
4 Aporusa S Euphorbiaceae
4 Garcinia sim. u Guttiferae
4 Knema sim. u Myristicaceae
3 Aibizia F Mim. Leguminosae
3 Barringtonia W Lecythidaceae
3 Bombax F Bombacaceae
3 Crotalaria comp. S Pap. Leguminosae
3 Gmelina comp. D Verbenaceae
3 Finns >90 (cf. P. kesiya) H Pinaceae
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Pollen type Grouping Family
3 Randia sim. U Rubiaceae
3 Rubiaceae U Rubiaceae
3 Rutaceae (Micromeluml) U Rutaceae
3 Strychnos cf mcc-blcmda D Strychnaceae (Loganiaceae)
3 Vaccinium comp. H Ericaceae
2 Acanthaceae (Strobilanthes?) S Acanthaceae
2 Bauhinia s Caes. Leguminosae
2 Cycas sim. D Cycadaceae
2 Gardneria comp. F Strychnaceae (Loganiaceae)
2 Lannea F Anacardiaceae
2 Ochna comp. X Ochnaceae
2 Oxalis sim. S Oxalidaceae
2 Rhus comp. s Rutaceae
2 Smilax sim. X Smilacaceae
1 Alisma sim. w Alismataceae
1 Berrya comp. H Tiliaceae
1 Dacrycarpus H Podocarpaceae
1 Gardenia comp. U Rubiaceae
1 Helicia comp. U Proteaceae
1 Horsfieldia comp. U Myristicaceae
1 Mollugo comp. W Molluginaceae
1 Pap. Legume type F Pap. Leguminosae
1 Pithecelobium? F Mim. Leguminosae
I Polygonaceae S Polygonaceae
1 Pterocarpus comp. F Pap. Leguminosae
1098 other Unknown (each type <1% per 
sample)
X
28438 Total pollen and spores
2298 Pediastnm A
255 Algae (st) type 3 A
131 Oospores, bell type A
171 types, from 85 samples. Only Tetrameles occurs at more than 10% of total; 3 types 
occur at more than 5% of total; 22 types occur at more than 1% of total; 77 types 
occur at more than 0.1% of total.
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Table 5.6. Pollen frequencies by grouping
Pollen Grouping Number of types Total number of grains
Semi-evergreen forest 33 9646
(3451 other than Tetrameles)
Secondary/ disturbance 37 4205
Wetland/ riparian 20 2650
Gramineae 2 sizes 2486
Unknown 15; one includes 
undifferentiated types
2434
(1336 numbered and described)
Myrtaceae 2 sizes 2431
Understory 27 2037
Highland/ subtropical 18 1401





which is grouped with riparian taxa for this study, would bring that figure to a little less 
than 3%.
Many of the samples are dominated by one pollen type, Tetrameles comp., 
probably from the forest tree T. mtdiflora R. Br. This one type accounts for 22% of the 
total number of grains counted in all samples. The reason it is referred to as “comp.” 
(from terminology of Benninghoff and Kapp 1962) is that the identification is not 
absolutely secure. The mean size of the fossil grains is slightly smaller than the size in 
published references and reference sample material. Also, the type has not been 
encountered in any other published diagrams, although that may be due to the fact that it 
is most common in the Indochina peninsula, where so little palynological work has been 
done. Tetrameles was not found in cores from Thailand (Kealhofer and Penny 1998; 
Maloney 1991).
155
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
The figure of 171 types for BYK2 is somewhat deceptive, as many of the 
unknown pollen types which occur at a frequency of less than 1% for any one sample are 
lumped in a category of “other unknowns.” So it is possible that there may actually be 
80-100 more types encountered during counting, which would mean that the highest 
diversity in any type would be among the unknowns. Although the number of unknown 
types is high, it should be noted that only a few occur in significant numbers, which 
means that each type would not necessarily affect the ecological interpretation of the 
data. For all unknown types which occurred at more than 1% frequency in any one 
sample (a total of 12 types) tentative identifications were made. For the two unknown 
types which occur at more than 1% of the total count, Unk 6 and Unk 2, the tentative 
identifications (Zanthoxylum and Gesneriaceae, resp.) were used for classification by 
grouping.
5.4.2. Surface samples
Core top samples are discussed here to describe the relationship between modem 
pollen rain and known, present-day vegetation growing around the lakes. These surface 
samples come from cores BYK2, BYL6 and BLK. The lakes, as noted above, represent 
a spectrum of vegetation types from the study area, with Yeak Kara representing semi- 
evergreen and riparian forest, Yeak Laom representing mixed semi-evergreen and 
riparian forest, secondary forest and scrub, and swidden agriculture, and Lumkat 
representing dry deciduous dipterocarp forest. Common species for these different 
vegetation types are discussed in Chapter 4, Appendix A, and section 5.1, and are 
summarized in Tables 5.1 and 5.2.
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Core-top samples are summarized in Figures 5.4 and 5.5. The most frequent 
pollen types in core BYK2 are Tetrameles and both small and large Myrtaceae, which, 
together, account for over 40% of the pollen sum from that core-top. Other types which 
are more numerous in BYK2 than in the other two cores are: Ficus and the small P2 
Mor./Urt., Elaeocarpus, Stenochlaena, Unknown 2, and small Combretaceae/ 
Melastomataceae, although this last type is almost as common in core BLK. All of these 
types fall into the groupings of semi-evergreen forest or riparian forest, with the 
exception of Comb./Melas., which is grouped with secondary/ disturbance types. 
However, as noted in Appendix C, if the small Comb./Melas. type includes pollen from 
Anogeissus, it also could be reflecting semi-evergreen forest.
In BYL6 the most common types are Gramineae and Trema. In the case of 
BYL6, there is a more even representation of the different pollen types than for either of 
the other two lakes. In addition to grasses and Trema, other types with significant 
representation are Lagerstroemia, Hopea, Fiats and the small Moraceae/ Urticaeae type, 
the larger Comb./ Melas. type, and Unknown 15. The even distribution of types from the 
big lake is partially an artifact of the variety of pollen, as there are 95 types counted in 
the Yeak Laom sample, compared to 63 types from Lumkat and 58 types from Yeak 
Kara. The only types more numerous in B YL6 than in the other two samples are 
Hopea,Trema, Macaranga, Unknown 15, and the small number of Pirns grains, but 
there are over 30 types which occur in BYL6 in low numbers and do not occur in the 
other two samples, many of which are semi-evergreen forest indicators. One surprise is 
Crypteronia with four grains, a tree which Schmid (1974) finds most common in dry, 
near-coastal forests in Vietnam. In terms of pollen groupings the Yeak Laom assemblage
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Figure 5.5. Core-top samples, grouped taxa percentages: 
Surface samples from Yeak Kara, Yeak Laom and Lumkat Lakes
shows the most Secondary/ disturbance types of the three lakes, and Pteridophytes have 
a slight edge in very low numbers. This last type is due to a count of only eight trilete 
spores, which almost never occur in Yeak Kara sediments.
The Lumkat sample seems to be distinguished by what it does not contain, which 
is pollen from the dominant trees in dry deciduous forest. Chauhan (1995) found the 
same problem in the sal (Shorea robusta) forests of central India. Of the five most 
important species in the Cambodian dry forests, only Terminalia is possibly represented 
in the larger Comb./ Melas. pollen type. Dipterocarps are absent, except for three grains 
of Shorea and three of Hopea, but Hopea is not a dry forest type. The most frequent 
types are Gramineae, Myrtaceae, Adina, and some Tetrameles. The relatively high 
number for Gramineae is not surprising, as the ground layer in dry deciduous forest is 
composed mostly of grass. It is possible that Myrtaceae and Tetrameles are significant 
because they are carried on the wind from denser forest patches, and there are some 
Eugenia species which frequent the dry forest, especially along watercourses. It should 
be noted that this possibly regional pollen signal may be more significant in Lumkat 
because the lake is large, open around the edges, and because the relatively low pollen 
concentration suggests that local and extralocal pollen input is less abundant at Lumkat 
than at the other two lakes. The Adina is interesting because it is a dominant tree in 
dense semi-evergreen forests, but is also listed in Schmid (1974) as an associate in dry 
deciduous formations, usually on the edge of denser patches. These core-top samples 
suggest that it may be a useful indicator of dry deciduous forest.
There are some other surprises in the sediment surface counts. Despite the fact 
that Yeak Laom Lake is embedded in an agricultural area (dense swidden plots, outside
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of a narrow perimeter of secondary/riparian forest) no clearly agricultural indicator 
pollen can be found in the surface sample from BYL6. It is possible that some of the 
Gramineae pollen comes from rice, but there is no higher proportion of Gramineae grains 
in the size range typical of rice (33-37 pm diam), compared to the other two non- 
agricultural sites. Other cultivated plants, beans, peanuts, tomatoes, eggplant, gourds, 
melons and pumpkins may possibly put out pollen which could be confused with wild 
plants, but pollen from these families (Leguminosae, Solanaceae, Cucurbitaceae) are 
practically non-existent in the pollen rain. Of the pollen types possibly derived from 
cultivated trees, i.e., Mangifera, Anacardium, Musa, Artocarpus, Bombax or Ceiba, 
Chrysophyllum and Hevea, only Mangifera and Artocarpus are possibly represented in 
the surface sample, and they are very rare and may be coming from non-cultivated trees. 
Eupalorium odoraium (Compositae) is the most common and abundant disturbance 
indicator in the vegetation around Yeak Laom and throughout the region, but 
contributes nothing to the pollen rain. So it appears as though pollen is a poor indicator 
of human activity in the study area, except indirectly, through changes in the relative 
frequency of forest species and disturbance indicators other than Eupatorium, and 
possibly through changes in charcoal concentration.
In general, the relationship between lake-deposited pollen and surrounding 
vegetation is subtle. In all three lakes the most important species in the vegetation go 
almost completely unrepresented in the pollen rain, especially taxa in the families 
Dipterocarpaceae and Leguminosae, and the cultivated plants. Lagerstroemia occurs at 
low frequencies at all sites and, indeed, at all levels in BYK2, as discussed below. Two 
of the more abundant pollen types, Myrtaceae and Gramineae, are difficult to pin down
161
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
ecologically, but, for whatever reason, both are more prominent in the dry forest setting 
than at the sites surrounded by dense forest or secondary forest and scrub. The low 
count for Myrtaceae at Yeak Laom is puzzling as it was found frequently in the survey of 
lakeside vegetation (at least 3 different species with 2-3 trees each, of medium-large 
size), but its pollen frequency at Yeak Laom is the lowest of the three lakes.
5.4.3. Core BYK2, pollen stratigraphy
Pollen assemblage changes in core BYK2 are summarized by percentages for the 
more abundant taxa in Figures 5.6 and 5.7. As noted above, Tetrameles comp, 
dominates most of the samples, with peak percentage values as high as ca. 50% centered 
on the 1000 cm, 740 cm and 160 cm depths. No other pollen type comes close in terms 
of abundance, although there are sections of the core where Gramineae and Eugenia 
comp, prevail in some samples. As a check on the validity of the grouped taxa 
summaries, percentages were also calculated with Tetrameles removed from the sum, 
and those results are presented in Figures 5.8 and 5.9.
Pollen influx (accumulation rate, measured in grains per cm2 per year) is 
presented as follows: Fig 5.10, Dense semi-evergreen forest pollen types; Fig. 5.11, 
Forest understory and Wetland/ riparian types; Fig. 5.12, Highland/ subtropical types, 
Myrtaceae and Gramineae; Fig. 5.13, Secondary/ disturbance types; Fig. 5.14, Dry forest 
types and Pteridophyte spores; and Fig. 5.15, Grouped taxa, LOI and charcoal. Note that 
total influx peaks in two places in the core, ca. 350 cm and, especially, ca. 50 cm. Inter- 
taxa comparisons of influx using the diagrams at those points can be misleading, so such 
comparisons should be cross-checked with percentage values.
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Figure 5.7. Grouped taxa percentages, LOI and charcoal, core BYK2
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Figure 5.15. Grouped taxa pollen influx, LOl and charcoal
Sequential changes in the pollen assemblages suggest a stratigraphic and 
chronological zonation for the core. Four zones are apparent, the upper three of which 
are further divided into two subzones. The zones are distinguished from each other as 
follows, starting from the bottom of the core.
YK-4, 1500-1280 cm, 9300-8530 yrs. BP: The bottom of the core begins with 
highest levels (within their own sequences) for Gramineae, Qitercus, Lithocarpus 
Castanopsis, Pirns, and Cyperaceae. Tetrameles maintains a low average, below 10%. 
Several taxa show a spiky pattern, oscillating abruptly between near-zero levels and 5- 
10%, such as Lagerstroemia, Ficus, Adina and Eugenia. The sharp peak in Ficus to 
10% coincides with the carbonate peak from the first, lower set of laminae in the 
sediments at 1380 cm, and with a peak in indeterminable (damaged) pollen grains.
Among the grouped taxa, Highland/ subtropical types and Gramineae clearly are 
more prevalent in zone 4 than in any other time period since. Although Cyperaceae are 
relatively abundant, especially in the upper part of the zone, other Wetland/ riparian 
indicators are very sparsely represented, with only Elaeocarpus occurring at more than 
1%. Adina, Ficus, Lagerstroemia and the small Moraceae/ Urticaceae combine to give 
semi-evergreen forest significant representation in this zone, where Tetrameles is sparse.
YK-3B, 1280-1230 cm, 8530-8240 yrs. BP: This zone is primarily transitional 
between YK-4 and YK-3 A. Tetrameles falls to below 5%, and Quercus, Pinus and 
Gramineae also drop off. These diminished values are somewhat compensated for by a 
peak in the small Moraceae/ Urticaceae and slightly elevated values for Ficus.
For grouped taxa the most distinctive change is the decrease in Gramineae. 
Myrtaceae and Wetland/ Riparian show no change in percentage data, but both show a
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noticeable drop in influx over the boundary. It is at this level in the core that carbonate 
laminae show up and persist upcore, as discussed above.
YK-3A, 1230-730 cm, 8240-5440 yrs. BP: This long period shows marked 
changes from the previous two. Tetrameles begins building from the base of the zone, 
culminating in peaks at 1000 cm and at the top of the zone at 730 cm, where it exceeds 
50% of the total pollen count. Other forest indicators are steady coming into this zone, 
and several show slight decreases in influx values in the upper portion of the zone, e.g. 
Lagerstroemia, Adina comp., and Ficus. The forest tree Carallia occurs at low 
numbers, so it does not show up well in percentage data, but the influx values clearly 
show its presence in this zone, despite decreasing values in the upper part. Two 
dipterocarps which are very important in the canopy vegetation, Hopea and Anisoptera, 
show highest influx values for the core in this zone, although Anisoptera pollen is so rare 
it is unnoticeable in percentage figures. Eugenia decreases both coming into this zone 
from 3 A, and in the upper portion.
Forest understory taxa peak at ca. 1100 cm, drop off, and then rebound to 
relatively high levels at ca. 850-700 cm. This grouping contains the understory palm 
Calamus and two other unspecified Palmae pollen types. Gramineae continue to 
decrease as they had begun to do in zone 3B. Algae, especially Pediastrum, shoot to a 
high peak at the 1220 cm level, then maintain low but steady numbers through the 
remainder of the zone. Highland/ subtropical taxa are steady through this period, as are 
wetland taxa. The wetland taxa, although appearing as a fairly steady signal, lose in 
Cyperaceae, while gaining in Stenochlaena and Blyxa. Pteridophyte spores other than
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Stenochlaena are more numerous in this section than others, but the signal is unsteady 
and the numbers are very low (only 2-6 spores per sample).
This zone is also marked by strong fluctuations in the carbonate content of the 
core, with a mean value over 15%. Charcoal content is lowest for the entire core in this 
zone, as discussed below.
YK-2B, 730-590 cm, 5440-4600 yrs. BP: Disturbance indicators predominate in 
this zone, despite the high peak for Tetrameles marking the lower boundary. Trema rises 
to a peak of over 20%, after a mostly insignificant presence in the lower zones. Mallotus 
and Macaranga also rise, although the signal for Macaranga is not distinct. Compositae, 
which may be Eupatorium, show a few levels of significant presence, their only in the 
entire core. Phyllanthus and the probable Zanthoxylum (Unk 6) both show slight rises. 
The small Comb./ Melas., which could represent the pioneer vine Memecylon, peaks at 
ca. 700 cm., but the ecological affinity for this pollen type is not perfectly clear. The 
weak showing for the Rhamnaceae/ Sapindaceae type in this zone, where other 
disturbance indicators rise, suggests that it does not actually come from Zizyphus, but 
perhaps from some forest taxa.
Gramineae rebound slightly in this zone, noticeable mostly because of their 
extremely sparse presence in the upper levels of zone YK-3A. Forest understory 
decreases to near zero percentages, and Highland/ subtropical types virtually drop out 
after low but steady values throughout the previous zone. Myrtaceae remain fairly low 
here. After an intial peak at ca. 700 cm the carbonate proportion in the sediments 
declines to about 5%, while charcoal rebounds with two minor peaks.
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YK-2A, 590-280 cm, 4600-2180 yrs. BP: This zone is most distinctly 
characterized by dominance of Eugenia, and further decrease of Tetrameles. Although 
Trema diminishes in importance it maintains a steady and significant signal through this 
zone, and Compositae show a similar but far less prominent pattern. This zone contains 
relatively high values for Adina, a forest tree found in formations transitional to dry 
forests, Careya, a dry forest tree, and Grewia, a pioneer and secondary forest small tree. 
Gramineae also increase, particularly in the upper part of the zone. Tetrameles is 
relatively sparse and its occurrence is cyclic within this zone, with peaks in abundance at 
600, 480 and 360 cm depth, and presence falling to near zero at 510, 400 and 280 cm 
(roughly 900-year cycles).
For grouped taxa, the most prominent gains are found in Myrtaceae and 
Gramineae, as cited above. Wetland/ riparian taxa also gain somewhat, but not 
specifically Cyperaceae. For Blyxa (submerged aquatic) and Stenochlaena (climbing 
fern) within that group, the increase is a gradual continuation of trend begun in zone 
YK-3, perhaps in response to changing local (lake) conditions. Secondary/ disturbance 
taxa, as a group, follow the lead of Trema, diminishing from the peak in YK-2B, but 
remain high throughout zone YK-2. Pteridophytes drop out almost completely.
Carbonate remains lower in this zone than in the two previous zones, but organic 
content peaks at ca. 430-340 cm, and that follows a similar rise in zone YK-2B at 690- 
620 cm. Charcoal shows two peaks at the beginning of the zone, after which the signal is 
more even, still higher than zones YK-3 or YK-1.
YK-1B, 280-80 cm, 2180-580 yrs. BP: Some indicators in zone YK-1 point to a 
recovery of dense forest and reduced impacts of disturbance. The zone boundary is
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marked by a resurgence of the Tetrameles curve to values over 30%, and Ficus and the 
small Mor./Urt. also show slight increases. However, certain other forest trees, e.g., 
Hopea, Anisoptera and Carallia, do not follow suit. Eugenia declines slightly in the 
upper part of the zone, a pattern echoed by Trema and Grewia. Unk 6 (Zanthoxyluml) is 
most abundant in this part of the core, but, unfortunately, its ecology is not clear.
Among grouped taxa, Forest understory, Wetland/ riparian and Pteridophytes all 
increase, although the last is not a convincing change because of the low absolute 
numbers counted. Highland/ subtropical types rebound somewhat, probably due to rises 
in Celtis and Holoptelea, rather than the types dominant in zone YK-4. Dry forest 
declines slightly. A decrease in Gramineae from the previous zone reverses in a short 
peak at the 140 cm level.
YK-1A, 80 cm - core top, 580 yrs. BP - present: For the most part, the pollen 
assemblage in the uppermost zone continues to reflect trends begun in YK-1B, but 
changing lake and local riparian conditions are the probable triggers for a few distinct 
shifts in the pollen assemblage. The large Myrtaceae type, probably a swamp Syzygium 
sp., climbs to near 10% from negligible values in lower zones. The swamp tree 
Elaeocarpus also increases, and the Rhamnaceae/ Sapindaceae type reaches a peak.
For groupings, Wetland/ riparian types reach their highest abundance at the top, 
after dropping off slightly around the 50 cm level. Myrtaceae also show a slight surge at 
the top, where most other groups drop off slightly (Secondary/ disturbance, Highland/ 
subtropical, and Dense semi-evergreen forest).
A noticeable increase occurs in pollen influx which, among other things, makes it 
difficult to read the influx diagrams in a comparative way. This change in influx suggests
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that the sedimentation rate dropped over most of the period reflected in this zone. That 
deduction is supported by the increase in organic content of the sediments, except for the 
fact that organic content keeps increasing up to the surface, while the influx drops off in 
the top 40 cm (ca. 300 yrs?). One radiocarbon date from this section (50-74 cm depth, 
440 ± 80 BP) does not clarify the situation, as it falls neatly along a chronology 
interpolated between the four deeper samples and modem sediments at the core-top, 
suggesting no real change in the sedimentation rate.
The pollen zones demarcate general shifts in the pollen assemblage, which 
indicate the relative importance of each of the groupings, regardless of the absolute 
dominance of Tetrameles and other semi-evergreen forest types. In summary, Zone YK- 
4 shows relative importance for Gramineae and Highland/ subtropical types. YK-3B is 
transitional. YK-3 A is dominated by dense forest types, both canopy and understory. 
YK-2B marks a shift in relative importance to pioneer, disturbance indicators, and YK- 
2A to secondary and relatively drier forest types. YK-1B represents a shift back to 
denser forest types, and this trend continues into YK-1 A with a slight preference for 
aquatic and riparian types.
There are, however, some problems with that generalized picture which come out 
when perusing the influx diagrams. The dry forest types, in particular, do not conform to 
the scheme (Fig. 5.14), as most of them show significant presence in zone YK-3 A, 
otherwise dominated by dense forest types. Among the dry forest types, Dipterocarpus 
and Shorea types are ambiguous. Those genera definitely dominate in dry forest 
vegetation, but the fossil Dipterocarpus pollen encountered here could also be coming 
from the forest species D. alatus, and the dry forest S. siamensis also is common in
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riparian settings. For Vatica, Crypteronia and Loranthus, the pollen identifications and 
ecological assignments are fairly secure, but these types are rare, i.e., one or two grains 
per sample. Crypteronia is typed as dry forest following description by Schmid (1974) 
where he finds it dominating in some dry coastal forests. But among the surface samples 
taken here, only Yeak Laom sediments (a disturbed but moist setting) yield a significant 
number for Crypteronia, while Lumkat Lake, in the dry forest, shows none. Among the 
other types, Phoenix sim. occurs in significant numbers, and P. humilis is common in the 
vegetation of dry deciduous forest, but the facts that this is the only Palmae pollen type 
not typed as forest understory and that this one is most abundant in the zone where other 
palms prevail, suggest that it is misidentified. About the only absolutely certain indicator 
of the dry forest grouping is Careya which, although occurring also at fairly low levels, 
is a pollen type which is unlikely to travel far, and its identification is certain. Careya is 
most common in zone YK-2A, with other disturbance and dry forest indicators.
Another way to explain the shift in assemblage between zones YK-3 and YK-2 is 
by referring to the surface samples. Lumkat Lake’s core BLK surface sample shows 
highest relative values for Gramineae, Eugenia comp., Adina comp, and Comb./ Melas.
> 15 pm (probably Terminalia). Although vegetation descriptions from Indochina and 
pollen studies from Indonesia would have Eugenia typed as a semi-evergreen forest or 
swamp forest tree, the three lake samples from the study area suggest a slightly stronger 
correlation with dry forest. Adina also seems to be more important as an indicator of dry 
forest conditions, and descriptions in Schmid (1974: 76) suggest that it can occur in 
either semi-evergreen forest or dry deciduous forest. Except for Gramineae, then, the 
pollen types most important in zone YK-2A are those relatively most important in the
179
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dry forest surface sample (BLK). The occurrence of Careya in that zone strengthens the 
idea that YK-2 A represents a period of drier vegetation around the study site.
Among the secondary/ disturbance taxa, there are perhaps two peak periods 
involving two different clusters of taxa, which may be reflecting two different vegetation 
disturbance regimes. Trema, Macaranga, and Mallotus are usually identified as pioneer 
tree taxa (Whitmore 1984), and these types are most abundant in zone YK-2B. 
Gramineae and Grewia, more prominent in YK-2A, may be indicating a drier phase of 
less frequent disturbance; or more frequent, less intense disturbance. The main problem 
with the grouping as a whole is that Engelhardtia is more abundant in zones YK-3 A and 
YK-4, and the same is true for Phyllanthus and, to some extent, Macaranga. 
Engelhardtia is particularly puzzling, as it represents pioneer response to fires (Maloney 
1985), but here the pollen reaches peak abundance several centuries after the fire signal 
drops at the beginning of YK-3 A.
Further interpretation of the pollen record may be dealt with more cogently after 
reviewing the charcoal record and considering the role of fire in the study area’s 
vegetation changes.
5.5. CHARCOAL
Charcoal particles are found in all samples from cores BYK2, BYL6 and BLK. 
Values for charcoal concentration vary from a low of 9 mm2/ml at 109 cm depth in 
BYK2 to a high of 338 mm2/ml at 172 cm in BLK. Generally, charcoal concentrations 
are higher in the cores from the two larger lakes. Also, they are higher in the core from 
Lumkat, now surrounded by dry forest, than from Yeak Laom, now surrounded by
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chamkars and secondary forests. Charcoal concentrations are generally higher earlier in 
the records than in present-day deposition.
5.5.1. Core BYK2
Charcoal concentration data from core BYK2 (Figure 5.16) show variations in 
concentration which, in several cases, correspond fairly closely with the pollen zones. 
However, in order to clarify changes in the charcoal record independent of the pollen 
record, a separate zonation was devised for charcoal concentration values (Table 5.7). 
Under this scheme, the lowest zone, YK-C6, is characterized by the highest mean values 
for charcoal concentration and the high amplitude of the signal described above for 
pollen zone YK-4. This pattern changes at around 1180 cm depth (7900 BP) to a lower 
mean and amplitude signal in charcoal zone YK-C5. Charcoal concentration is 
particularly low between 1000 and 750 cm (7000-5600 BP) over which interval only one 
of 10 samples shows a concentration value of over 30 mm2/ml. Above 720 cm (5400 BP) 
the curve again increases in mean and amplitude, although not to such high levels as in 
zone YK-C6. A change occurs at the 450 cm level which is not obvious in the pollen 
record. Here the charcoal signal becomes more steady, i.e., lower amplitude, and 
although the mean concentration drops from zone YK-C4, it is still slightly higher than in
for BYK2 charcoal concentration, >y charcoal zone
Charcoal zone YK-C1 YK-C2 YK-C3 YK-C4 YK-C5 YK-C6
Depth, in cm top-130 130-320 320-450 450-710 710-1170 1170-1500
Age, l4C yrs. BP pres.-950 950-2500 2500-3550 3550-5300 5300-7900 7900-9300
Mean, mm2/ml 19.5 15.6 31.4 45.2 28.2 140.8
Std. Deviation 8.3 4.5 8.8 17.2 13.7 63.9
Minimum 9 6 24 16 11 38
Maximum 33 23 50 74 62 274
Samples 11 14 7 14 21 18
181






























9300  -  1500
50 3000 100 150 200 250
Charcoal concentration, in m inim i
Figure S. 16. Charcoal concentration and zonation, core BYK2. 
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zone YK-C5. The next major change falls at 320 cm depth (2500 BP), when a relatively 
high single value is followed by a section with 14 samples of the lowest mean and 
amplitude for the whole core. The topmost section, charcoal zone YK-C1, maintains a 
relatively low mean, but with a few peak values over 25 mm2/ml.
The use of two different zonations for charcoal and pollen, though cumbersome, 
helps to germinate questions concerning the relationship between fire and vegetation.
The very clear pollen assemblage boundary between Gramineae/ Fagaceous forest and 
dense semi-evergreen forest ca. 8500 yrs. BP precedes a distinct change in fire regime by 
as much as 600-700 years. Changes at ca. 5400 BP (onsets of YK-2B and YK-C4) are 
synchronous, as a surge in fire activity is accompanied by a surge in forest disturbance 
taxa, especially Trema. However, subsequent changes in pollen zone YK-2 are not 
synchronous with charcoal changes, as the diminishing disturbance taxa at ca. 4600 BP 
(top of YK-2B) are not reflected in any change in fire regime, and the leveling off of the 
charcoal signal at 3550 BP (top of YK-C4) is only hinted at by a slight relative rise in 
Gramineae pollen. The uppermost section of the core shows a pattern where charcoal 
changes precede changes in the pollen assemblage by a few hundred years, but the pollen 
assemblage changes are very subtle. In fact, the boundary at pollen zones YK-2A and 
YK-1B may be insignificant when Tetrameles is removed from percentage calculations 
(Fig. 5.9).
5.5.2. Cores BYL6 and BLK
Charcoal concentration values for core BYL6 are generally higher than those for 
BYK2 (Figure 5.17), with means of 72 mm2/ml and 40 mm2/ml, respectively. Moving up 
the core, between the bottom and the 250 cm level (3800-2700 BP) there is a pattern of
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Figure 5.17. Charcoal concentration, core BYL6
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progressively decreasing minimum values and increasing amplitude. A somewhat erratic 
pattern follows, up to the 190 cm level (ca. 2050 BP). At that point, a relatively high 
value is followed by a period of steady low values up to the 70 cm level (2000-700 BP), 
with one extreme peak value at 109 cm depth (ca. 1200 BP). Above the 70 cm level the 
curve simulates two 380-year cycles, except that there are too few samples to confirm a 
real cycle.
Core BLK has even higher charcoal concentration, with a mean of 105 mm2/ml 
over the whole core (Figure 5.18). The curve is more erratic than those from the other 
two lakes, and, unfortunately, there are too few samples to be sure about patterns in the 
charcoal signal. However, it may be significant that the early peak value at the 172 cm 
level (2100 BP) is followed by a period of relatively lower mean and amplitude up to the 
36 cm level (400 BP). That pattern is discussed below. Above the 36 cm level the signal 
oscillates in a pattern resembling that of BYL6, but the four samples defining the 
oscillation are too few to confirm a real cycle.
When plotted using the interpolated chronologies, the three charcoal records can 
be compared over the last 4000 years (Figure 5.19). From the perspective of the charcoal 
records themselves, the most obvious common trend among the three records is the type 
of change found at the boundary of zones YK-C3 and YK-C2 in core BYK2. A single 
high value, at the end of a period of relatively high mean concentration, is followed by a 
relatively long period of low mean charcoal concentration and low variance.
Unfortunately, there are discrepancies in the chronologies, with the initial change 
coming in at 2500 BP in core BYK2 and at ca. 2050 BP in the other two cores. Also, the 
end of that period of low values comes at ca. 950 BP (or 550 BP, depending on
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Figure 5.19. Ratanakiri lakes, charcoal concentration over the last 4000 years. Chronologies for cores BYL6 and BLK
are interpolated ffom basal dates of 3860 and 2460 yrs BP, respectively.
interpretation) in BYK2, at 750 BP in BYL6, and at 400 BP in BLK. The mismatched 
chronologies could be explained by the inaccuracy of age interpolation in the cores from 
the two larger lakes, with none but basal dates. And the BYK2 dates could be falsely old 
due to old carbon in the water column being used by aquatic plants which provide the 
organic material for dating. This quandary could be settled by obtaining AMS age 
determinations on charcoal from the appropriate level in each of the cores. Although the 
chronologies do not match precisely, the similarity of the patterns and their approximate 
synchroneity encourage some attempt to determine whether or not the pattern represents 
real regional environmental changes.
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CHAPTER 6. INFERRED PALEOENVIRONMENTAL CHANGES
The sediment cores from Ratanakiri have given us the specific data that make it 
possible to infer a sequence of changes in vegetation, climate and land-use in the study 
area over the last 9300 years (10,400 calendar years). A summary of that sequence of 
changes is offered first, to establish a framework for discussion. After that, the many 
uncertainties and dilemmas which complicate the summary inferences are discussed 
through detailed responses to the basic question of how core sediments reflect four 
major environmental changes: 1) the Pleistocene-Holocene transition; 2) a Holocene 
monsoon maximum; 3) mid to late Holocene changes in seasonality; and 4) human 
interactions with vegetation and the physical landscape.
This study, in both the presentation of data and their interpretation, is a first step 
in the reconstruction of landscape-regional scale change in an area which, up to now, has 
been largely neglected in Quaternary paleoecological research. There are too many 
important factors in ecological change which are outside the scope of this analysis for it 
to provide a conclusive and comprehensive analysis over the area and time concerned. 
However, the interpretation presented below provides a valuable framework for 
discussion of regional environmental change, and a framework which begins to fill a 
geographical void in the established network of Asian paleoclimate data.
As in previous sections, chronology is given in radiocarbon years before present. 
For approximate conversion to calendar years see Table 2.2.
6.1. SUMMARY INTERPRETATION
For at least 1000 years before 8400 BP, the study area was slightly cooler and 
drier than present. There was more emergent vegetation around the edges of the lake, as
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a result of the lake’s lower level. The forest around Yeak Kara had some evergreen 
elements, but generally was a drier forest type than is found there now. Grasses were 
important in the flora. Submontane forest had a wider range in the region, although it 
was not growing in the Yeak Kara watershed.
There was more fire activity within the watershed of Yeak Kara Lake than at any 
time over the last 9300 years, and that high fire activity was probably part of a regional 
pattern. The temporal pattern of forest fires may have been cyclical, with high fire 
periods occurring at least every 100-300 years, although the importance of grasses in this 
period suggests that burning was much more frequent, at least for the ground layer.
Beginning abruptly at ca. 8400 yrs. BP lake level rose in response to a surge in 
summer monsoon strength. Emergent aquatics became less important in the local 
vegetation as lake edge habitat shrank. As fires slacked off in response to increased 
precipitation, the grassy ground layer gave way to closed torest understory. A dense 
semi-evergreen forest developed around the lake, with an evergreen understory rich in 
palms. By about 7000 BP and continuing to 5400 BP the evergreen component of the 
forest dominated while deciduous elements diminished, and regional submontane/ 
subtropical vegetation diminished in extent, reflecting the warmer climate.
At the beginning of this phase, after lake level had already risen, fires continued 
for about 500 years in the watershed, but decreased in intensity. After 7900 BP fire 
activity dropped off sharply and remained subdued until 5300 BP.
The next phase in the sequence, beginning at 5400 BP, saw an abrupt increase in 
disturbance to the forest vegetation. Although the dense semi-evergreen forest elements 
were abundant at the outset of this phase, there was a steady, progressive loss of such
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forest as disturbance increased. The loss of semi-evergreen forest may have been 
triggered by a change in climate which, by ca. 4500 BP, led to a significantly drier forest 
type outside of a narrow riparian zone of swamp forest.
Vegetation was responding in this period at least as much to an abrupt change in 
fire regime as to climate change. Although it seems as though fires were not burning in 
the watershed of the lake, as in the period before 7900 BP, the regional vegetation 
responded to the increased fire activity. At first, pioneer and early secondary forest taxa 
surged in importance. By 3500 BP, however, the combination of drier, more seasonal 
climate and more frequent burning led to an increase in grass cover in a relatively dry, 
open forest. Pioneer taxa characteristic of disturbance of dense forest slowly lost ground 
until, by 500 BP, they were rare.
There is a possibility that the increased fire activity during this period represents 
initial widespread human impact on the landscape. The initial high disturbance period 
beginning 5300 BP, affecting dense forest, may reflect impacts of swidden cultivation.
As the forest canopy opened up with repeated disturbance and increasing seasonality, the 
surrounding forest, outside of a narrow riparian zone, eventually evolved to a dry 
deciduous type by 3500 BP, subject to more frequent fires.
In the most recent period, beginning ca. 2500 BP, a more stable, lower intensity 
fire regime resulted from either an abrupt change to a wetter climate or more constant 
control by humans over the fire regime. Vegetation near the lake reverted to semi­
evergreen forest, with an expanding riparian zone of swamp forest. The expansion of 
swamp forest has stepped up recently, especially since ca. 600 BP, as the lake becomes 
shallower. Disturbance seems to be minimal locally, but outside a perimeter zone of
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dense forest the regional vegetation has evolved to annually burned dry deciduous forest, 
with fires set intentionally to facilitate hunting and travel. The fire regime is now 
controlled by people adapted to a strongly monsoonal climate.
6.2. PLEISTOCENE-HOLOCENE TRANSITION
Toward the bottom of the core pollen types including Ouercus and other 
Fagaceae, Pirns and, perhaps, Ulmus or Gironniera are more abundant than in upper 
portions of the core, in both percentage and influx. The relatively high abundance of 
these types implies that the lower elevational limit of their distribution was shifted 
downslope before 8400 BP. That elevational shift would translate into an expansion of 
range which would locate them closer to Yeak Kara Lake.
Although these taxa do occur and may be frequent in forests as low as 50 meters 
elevation (Rollet 1972; 26), all are more abundant in higher elevation forests (Rollet 
1972; Schmid 1974; Vidal 1960). Pirns merkusii is known to be abundant in the central 
highlands of Vietnam, especially around Dalat and Kontum (Schmid 1974), but is listed 
from only one location in eastern Cambodia, near Dak Dam (Camp Le Rolland) in 
Mondulkiri (Rollet 1972). Pirns may occur in the Virachey highlands, but the lack of 
survey data from that area precludes confirmation of its occurrence there. So the one or 
two grains of Pimts pollen in the surface mud of Yeak Kara Lake are probably drifting in 
from as far as 80 km away in Virachey or 110 km away in Mondulkiri. The average of 
over 10 grains per sample in pollen zone YK-4 strongly suggests that pine populations 
occurred closer to the lake than at present, in turn suggesting that pines occurred at 
lower elevations. Unfortunately there is no way now to quantify an elevational shift in 
the pine belt without knowing the distance represented by deposition of 10-12 grains per
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sample. Fagaceae are mentioned by Rollet (1962) as occurring in lowland evergreen 
forests from surveys in eastern Cambodia (but not included in lists), but are much more 
frequent in forests above 500 m elevation. Fagaceae are common in submontane forests 
in adjacent parts of Vietnam and Laos (Schmid 1974; Vidal 1960). Without survey data 
from Cambodia we do not know for sure how close to the study sites these taxa occur. 
The rarity of Ouercus pollen in the surface sediment at Yeak Laom Lake indicates that it 
is not common in the vegetation, but it is probably common in the Virachey highland 
forests north of the Sesan. Those highlands, at 80 km distance, are the closest likely 
source area for Fagaceae pollen types in the present-day sediments of Yeak Kara Lake.
It could be argued that the slightly increased abundance of Highland/ subtropical 
types in YK-4 is due to the relatively more open lakeside vegetation and less filtering of 
the regional pollen rain during that period. However, the low frequency of highland-type 
pollen grains in modem sediments of the larger Yeak Laom and Lumkat lakes suggests 
that openness to regional pollen is not a strong control on their accumulation in the 
sediments. Furthermore, during the period of pollen zone YK-2, when lakeside 
vegetation was also probably more open than present, Highland/ subtropical types 
registered minimum values for the entire sequence. The elevated frequencies of those 
types in zone YK-4, then, seem to reflect the occurrence of those taxa in vegetation 
closer to Yeak Kara than present.
In addition to the Highland/ subtropical pollen types, though, tropical types also 
are abundant. Adina, Carallia, Lagerstroemia, Ficus and the small Mor./ Urt., Hopea, 
and Diospyros all occur in relatively high numbers in zone YK-4, and all are distinctly 
tropical. Of these, Adina and Lagerstroemia can be taken as indicators of drier subtypes
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of forest, the semi-dense forest, in terminology of Rollet (1962, 1972) and Schmid 
(1974). All of these taxa can occur or be abundant in submontane forest, i.e. above 500 
m elevation, although Lagerstroemia fades out above 700 m (Rollet 1962; Schmid 
1974). The occurrence of these taxa imply that forest around the lake was at least partly 
semi-evergreen, but of a type more tolerant of drier and cooler conditions than present.
The most striking characteristics of zone YK-4 are high percentages and influx 
rates both for Gramineae and for charcoal. These two elements’ values are comparable 
to those in the modem sediments from Lumkat Lake, suggesting that open savanna 
forest grew right up to the edge of Yeak Kara before 8400 BP, and that the tropical 
semi-evergreen elements mentioned above grew only in part of the riparian fringe. The 
charcoal curve implies, by sharp alternation between high and low values at intervals of 
50-150 years, that fire was responding to a cycle involving forest growth to a threshold 
in fuel build-up, fire triggered by high fuel availability and, perhaps, drought conditions, 
and subsequent slow recovery. This cycle was occurring over a long enough period of 
time that climate seems to be the more likely control on the fire regime than human 
activity. Indeed, the proximity of fire to the lake, plus the fact that recovery from fire 
with a return time of 100-300 years seems only to have progressed to a grass understory 
stage, plus the absence of palms, pteridophytes, and warm semi-evergreen forest 
elements all point towards a significantly drier climate.
Almost all of the conditions described in the preceding paragraphs changed at ca. 
8400 BP. Judging by the abrupt drop in grass pollen abundance, it seems unlikely that 
grass continued to dominate lakeside vegetation. Highland/ subtropical elements declined 
at that time, although the Fagaceae had already begun to decline by ca. 8800 BP. Of the
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tropical forest pollen types, Adina drops off, but Lagerstroemia, Ficus, Carallia, and 
Hopea all maintain abundances that suggest that the semi-evergreen forest lost no 
ground at the 8400 BP threshold. The decline in Cyperaceae pollen is taken as indicating 
that lake edge habitat diminished from the former period, probably due to a rise in lake 
level.
The initiation of carbonate precipitation during the period of pollen zone YK-3B 
indicates a deeper, warmer and/or more productive lake than during the previous period. 
The links between lake productivity and carbonate precipitation, and between 
temperature and carbonate precipitation have been discussed by several authors (Kelts 
and Hsu 1978; Stumm and Morgan 1970, cited in Kelts and Hsu 1978; Brunskill 1969; 
Tucker and Wright 1990; MacDonald et al. 1987; Aravena et al. 1992). Calcium 
carbonate dissolved in the water column of a lake can precipitate out when the lake 
water becomes supersaturated. Supersaturation can result from a rise in water 
temperature, which decreases solubility of calcium carbonate (CaCOs); and/or by an 
increase in biological productivity, when increased photosynthesis by submerged aquatic 
plants and algae removes CO2 from the water. The conditions which influence either 
saturation or precipitation of calcite are complicated, and factors other than those 
mentioned may be involved in the lake chemistry of Yeak Kara. However, without long­
term study and specific measurements of water and sediment chemistry, I refer to the 
general scheme summarized here, which suggests increased lake productivity and/or 
temperature beginning ca. 8400 BP. The extreme algae bloom at 1215 cm depth also 
reinforces that suggestion.
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There may be a clue to the change in lake level in the age of the carbonates. 
Carbon old enough to skew radiocarbon age determinations must come from a 
geological source, i.e., that carbon cannot be coming from the atmosphere. Without 
limestone in the area the only possible sources are other types of bedrock or volcanic 
vents bringing up older calcite from subsurface calcareous deposits. Although the area 
has obviously been subject to volcanic activity in the past, volcanic activity ended ca. 
700,000 BP (Lacombe 1969), and, even if there were occasionally more recent 
eructations, it is highly unlikely that they would necessarily occur simultaneously with 
subaerial, non-geological environmental changes, such as those indicated by the changes 
in pollen assemblage. So the most plausible explanation for the source of carbonates is 
that groundwater flowing through Pleistocene basalts, relatively alkaline, introduced 
dissolved (old) carbonates into the lake water. Because such carbonates were not present 
in the older depleted acid lithosols underlying the basaltic lavas, groundwater could only 
feed the old carbonates to the lake water after the water table had risen above the level it 
held during pollen zone YK-4. In this way the abrupt appearance of carbonate laminae in 
the sediments reflects a rise in the water table which, in turn, indicates increased mean 
annual precipitation.
Changes in the pollen assemblage and sediment chemistry all point to an abrupt 
transition to a warmer, more humid climate at the boundary of zones YK-4 and YK-3B. 
This pattern resembles one already described for Sichuan and, possibly, Yunnan 
Provinces in southwest China (Li and Liu 1988; Jarvis 1993; Sun et al. 1986; Hodell et 
al., in prep ), which has been attributed to an increase in monsoon strength closing the 
cool late Glacial phase. This transition indicated for the study area, however, may have
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occurred later than similar changes at other sites in the region. At Lake Shayema in 
Sichuan, cool-climate taxa began to decline in abundance at 10,000 BP, and, except for a 
brief surge in Abies/Picea, there was a gradual shift to tropical, more seasonal vegetation 
over 6000 years, with evergreen monsoonal tree types reaching peak abundance by 4000 
BP (Fig. 2.8a; Jarvis 1993). For that site, the only remarkable change at 8400 BP is a 
drop-off in abundance of Abies/Piceu.
At Dianchi Lake, Yunnan, changes reflected in the main core DZ-18 begin about 
the same time as in Sichuan (Sun et al. 1986). But Dianchi core DZ-13, with more 
straightforward stratigraphy and simpler chronology (i.e., probably less sediment mixing) 
than DZ-18, shows a distinct rise in warm humid evergreen taxa and declines in Pimis 
and Gramineae only after 8700 BP (Figure 2.8b; Sun et al. 1986).
Regarding the late change in Cambodia, it is worth noting that northeast Thailand 
may have been subject to a dry climate and loess deposition as late as 8200 BP 
(Boonsener 1991; Udomchoke 1989). Although that does not jibe with the findings of 
increasing forest cover at 8500 BP by Kealhofer and Penny (in press), some uncertainties 
in the chronologies of each of the studies leave open the possibility the dry late glacial 
period lasted longer in the Indochina peninsula than in southwest China.
To try to explain the lag in climatic transition for Indochina, it is helpful to 
consider the source area for monsoon precipitation. With summer monsoon winds 
coming from the southwest, the Gulf of Thailand may be a major source of moisture for 
precipitation falling in the southern Indochina region. During the LGM, when sea level 
fell as much as 120 meters in the South China Sea, the entire Gulf of Thailand would 
have been dry, with only a major river flowing out of the Chao Phraya Valley into a large
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embayment north of Borneo, what is now the South China Sea. Although sea level 
recovered quickly, by 11,000-10,000 BP it was still significantly lower than present. 
Biswas (1973) describes punch core profiles from off the east coast of peninsular 
Malaysia where subaerial deposits dating to 11.1 ka are found at a depth of 66 meters 
(below present sea level). By 10 ka the level of the South China Sea in the Chang Jiang 
delta stood at ca. 40 m below present sea level (Zhao et al. 1979; Yan and Hong 1988).
In the Strait of Malacca sea level was still more than 20 m low at 8000 BP, but had 
recovered to near present-day level by ca. 7000 BP (Geyh et al. 1979). These 
observations indicate that the majority of the shallow Gulf of Thailand (Figure 6 .1) was 
still dry at the time when vegetation farther north in China was beginning to reflect the 
intensified monsoon. Added to this is the possibility that slow forest recovery may have 
delayed the ability of terrestrial vegetation to recycle moisture to downstream monsoon 
winds. This inability of the terrestrial vegetation to reinforce monsoon moisture would 
have been exaggerated over savannas which are now extensive floodplains around the 
Tonle Sap and Mekong delta. Around 10,000 years ago these rivers would have been 
narrower, more deeply incised, and without floodplain wetlands, except, possibly, closer 
to the outlet.
Without data from earlier than 9300 BP, it is impossible to say for sure that the 
drier, cooler conditions represented in sediments at the bottom of BYK2 were 
continuous with the end of the glacial era. But the pattern of change across the pollen 
zone boundary is strongly suggestive of the Pleistocene-Holocene transition. Because the 
transition was usually a two-step event at most sites (Overpeck et al. 1996), it is safe to 
say that the changes at the top of zone YK-4 probably represent the last stage in the
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Figure 6.1. Gulf of Thailand and adjacent areas, with bathymetric contours. 
Shelf area shallower than 50 m depth would have been exposed at ca. 10,000 yrs. BP.
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regional Pleistocene-Holocene transition. It does appear to have occurred later than 
analogous change at sites in China, except, possibly, at central Yunnan.
6.3. HOLOCENE MONSOON MAXIMUM
Several prominent indicators in the sediments give a clue that the period 
immediately following the Pleistocene-Holocene transition was marked by relatively 
strong summer monsoons. The most obvious indicator is the sediment lithology, 
discussed above, plus an abundance of ostracoda in the sediments younger than 8400 
BP, both of which point to a higher lake level during the period of zones YK-3B and 
YK-3A.
Several pollen taxa can be taken as indicators of a developing dense semi­
evergreen forest through zone YK-3A. Hopea and Anisoptera would have been frequent 
emergents in the forest, although their pollen is relatively rare. Tetrameles also occurs as 
an emergent in semi-evergreen forest, and it is through this pollen zone that it builds to 
as much as 50% of the total pollen sum. Carallia also is indicative of dense forests or 
riparian settings. The various Palmae types, which all build to peak values in zone YK- 
3 A  reflect a gradually richer evergreen understory in the forest. As mentioned above, 
the Phoenix type also follows this pattern, although, if correctly identified, it should be 
indicative of dry forest or marshes.
The trend reflected by these types is one of increasing forest density in zone YK- 
3. Taxa such as Adina, Lagerstroemia, and perhaps Crypteronia suggest that the forest 
was initially slightly drier, or at least that deciduous taxa were more important in the first 
half of YK-3. The second half of the zone shows increased importance for 
representatives of a more evergreen forest type, Hopea, Anisoptera and the palms. As
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Tetrameles is deciduous, it is interesting that it shows a decrease in importance at the 
point in the record, 6700-5700 BP, when Hopea, Calamus and small Moraceae/ 
Urticaceae (probably a type of Fiats) show relative peaks. This can be taken as the peak 
period of moisture availability.
Charcoal data also suggest a long period of generally more moist conditions. 
Although some peaks in charcoal after 8400 BP show that fires continued to run through 
lakeside vegetation, there is generally a progressive decrease in fire activity after the 
close of zone YK-4. The last large fire in the lake drainage occurred before 7900 BP, 
and by 7500 BP fire activity decreased to levels similar to, or lower than, those of the 
present day. That low-fire period continued until ca. 5300 BP.
Comparing the charcoal record during that period with present-day levels, it is 
difficult to be sure that the reduced fire activity was a regional pattern. Annual burning of 
dry forest in the present day is detectable only as a subdued signal in the relatively 
sheltered lake sediments. This suggests the possibility that while lakeside fires stopped in 
the period after 8400 BP, regional fires continued at the previous intensity. Even if that 
were true it would still imply that regional precipitation increased to the point where 
lakeside vegetation was no longer as susceptible to fires as it had previously been. The 
only alternative explanation for why fires died out in the lake-adjacent forest is some 
cultural control of the fire regime. Such a situation was apparently the case around Yeak 
Laom Lake before the 1970s, according to interviews, but it seems unlikely that such a 
taboo would be phased in gradually over about 900 years (the period of time between 
the beginning of the zone YK-3B forest recovery and the established low-fire period). 
Although we should not reject the possibility of human control over the lake’s
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environment 8000 years ago, it is more reasonable to see the reduction in fire activity as 
part a complex of environmental factors changing at that time, all of which point to a 
progressively more moist climate.
As with the numerous studies reviewed in Chapter 2, the question naturally arises 
as to whether the increase in moisture availability after 8400 BP represents a stronger 
summer monsoon or whether it could be indicating a more perhumid climate resulting 
from weaker seasonal controls on the rainfall distribution. The best answer calls on the 
particular taxa found in the pollen assemblages. Several of the most abundant and 
consistently occurring taxa in the whole Yeak Kara record are found, in the present day, 
only in tropical lowland monsoonal forests. In particular, Lagerstroemia and Adina are 
solid indicators of this forest type, both common in India and neither common in 
Malaysia nor subtropical China. Tetrameles also is most important in strongly monsoonal 
settings, although its range extends throughout the Sunda-Sahul region. Although these 
taxa do wax and wane in importance in core BYK2, they never completely disappear 
from the pollen assemblage. Their consistent presence shows that the climate of the 
study area was monsoonal throughout last 9300 years. Seasonality is also strongly 
implied by the sediment laminations, which are most distinct during the suggested 
monsoon maximum. As mentioned above in the section on sediment stratigraphy, the 
laminations are best explained as reflecting strong seasonal differences in lake level and 
productivity, in turn reflecting the monsoonal precipitation regime. Since the deciduous 
pollen indicator species and the sediment laminations, taken together, show the 
prevailing monsoonal climate, indicators of relatively moist conditions during the period
202
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
8400-5300 BP clearly support the inference of a stronger summer monsoon for that 
period.
6.4. MID-HOLOCENE TO LATE HOLOCENE CHANGES
Changes in both pollen and charcoal at the beginning of zone YK-2B, ca. 5300 
BP, indicate a climatic shift to drier conditions. Increased abundances of disturbance 
taxa, especially Trema and Gramineae, are accompanied by declines in Tetrameles, Ficus 
(including small Moraceae/ Urticaceae) and Palmae. The most plausible explanation for 
this trend is that disturbance taxa reflect an increase in fire activity that expanded the 
total area of the forest in early successional phase. Presumably, the fire activity increased 
as the monsoon weakened, the dry season became more pronounced, and late dry season 
thunderstorms caused more frequent forest fires.
Further changes at the top of that zone, ca. 4700 BP, imply continued frequency 
of disturbance, but also succession after disturbance to a generally drier forest type. 
Trema declines from a peak at ca. 5000 BP but continues at a comparatively high level, 
along with the small Comb./ Melas. type (Memecyloril). The succession trend is 
indicated by the rise in both Adina types, the large Comb./ Melas. type, small Myrtaceae, 
and a very slight rise in Lagerstroemia. The fact that these types represent forest 
assemblages, and not just pioneer succession or cultivation, reinforces the idea that the 
mid-Holocene change is attributable to a drying trend in climate rather than to an 
increase in anthropogenic burning. The question of whether the fires were set mostly by 
humans during this period is discussed in a later section in detail.
Beginning about 3500 BP a more subtle change finds increasing abundance of 
Gramineae accompanied by the few significant values for Careya (Fig. 5.14), an
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unambiguous indicator of dry deciduous forest. Other indicators of dry conditions 
continue at relatively high levels up to the top of zone YK-2A, ca. 2500 BP.
Throughout zones YK-2A and YK-2B, increasing values for wetland and riparian 
types seem, at first impression, to conflict with the inference of climatic drying. 
Elaeocarpus, a swamp tree type, increases and maintains relatively high values through 
the rest of the record, aside from a slight decrease in zone YK-1B. Blyxa, a submerged 
aquatic plant, shows prominently between ca. 4500 BP and 2900 BP. The changes in 
flora may be reflecting two processes occurring in the lake watershed, concurrent with 
climatic drying. First, the lake was filling in with sediments, so the proportion of its 
surface area suitable for colonization by aquatic and swamp plants was increasing. That 
happened regardless of climatic changes, and became a more obvious control on the flora 
in the uppermost zone of the core. The second process, a drop in mean lake level due to 
reduced annual precipitation, had a tendency to exaggerate the effects of lake infilling by 
further increasing the littoral zone and swamp margin habitats. Another riparian species, 
Stenochlaena palnstris, does not increase over this period, perhaps because it is a 
climber, and thus less sensitive to changes in substrate. In the upper part of the zone, 
near the boundary with YK-1B, the trend reflecting increasing swamp and shallow 
aquatic habitat is temporarily reversed. It is logical to suggest that the reversal is due to 
an increase in lake level at that time, responding to an increase in mean annual 
precipitation.
Beginning at ca. 2500 BP, the time of the YK-2A - YK-1B boundary, a suite of 
changes in the record seems to reflect a final major late Holocene climatic change. The 
abrupt recovery of Tetrameles to high values, gradual recovery of Palmae and Ficus, and
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declines in Gramineae, Trema, Adina and small Comb./ Melas., all point to an increase in 
available moisture, probably attributable to a strengthening of the summer monsoon. This 
suggestion is reinforced by the eventual decline in Eugenia comp, pollen at ca. 1500 BP, 
if that taxon is taken as an indicator of a drier forest.
Several of these indications of moister conditions are amplified for the period 
after ca. 600 BP, in zone YK-1 A. There, further declines in Trema, Gramineae and small 
Comb./ Melas. indicate reduction in the extent of forest disturbance. The prominent rise 
in large Myrtaceae pollen, probably a swamp Syzygium species, may be due to 
expanding swamp habitat due to progressive infilling of the lake. Indeed, the riparian/ 
wetland indicators cited above, Elaeocarpus and Blyxa, recover again in this zone, but it 
is difficult to conclude whether their recovery is due to a regional climatic trend 
supporting an increase in available moisture, or is a just local expansion of the lake’s 
littoral and riparian zones.
There are some confounding factors in the inference of monsoon strengthening at 
2500 BP. Other than a very subtle and intermittent rise in Ficus, Tetrameles is the only 
forest taxon showing a recovery at that time. In Figures 5.8 and 5.9, with Tetrameles 
excluded from the pollen sum, the increase in importance of dense forest at the zone 
boundary is practically imperceptible. It is possible that the forest recovered to a type 
dominated by a few Dipterocarps and a variety of Leguminosae, taxa which contribute 
practically nothing to the pollen rain. Such a vegetation assemblage is plausible, and 
Tetrameles may serve as a good indicator for that forest type, but it is a weak argument 
to base the inference of climate change on sparse or absent pollen types. Two 
disturbance indicators, Unknown 6 (Zanthoxylum) and Rhamnaceae/ Sapindaceae type,
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show relatively high values here, but the identification of either one of these types is not 
secure. Declines in the disturbance and dry forest indicators mentioned above do suggest 
a reduction in the extent of secondary forests and savanna, but that trend could be taken 
as simply a decrease in the frequency of forest disturbance. Up to now, the primary 
factor in such disturbance has been assumed to be seasonality and susceptibility to 
natural tires, but there may be another factor directing the disturbance regime in the late 
Holocene, as discussed below.
6.5. HUMAN ECOLOGY
Use of core sediments for inferring the impacts of prehistoric human activity have 
typically followed three lines of evidence, and this is a lumping of the six categories cited 
in chapter 3, from Flenley (1988). Sediment physical characteristics have been used to 
assess changes in sedimentation rate, organic/inorganic ratio and sediment grain size, to 
infer periods of increased watershed erosion resulting from land clearance. This 
technique was particularly useful in detecting erosion around Dianchi Lake in Yunnan 
(Sun et al. 1986), even though the period of most intense erosion there is attributed to 
abruptly increased regional precipitation in the early Holocene. Erosion attributed to 
human activity appeared late in that sediment record. The second approach looks for 
pollen indicators of agriculture and/or forest disturbance. This forms the basis for 
reviews of human impact on the highland evergreen forests of the Sunda-Sahul region 
(Flenley 1985, 1988; Maloney 1985), and for identification of early agriculture in India 
(Mukheijee 1972; Gupta 1981). The third proxy is the charcoal record, which, in certain 
contexts, is taken to reflect forest clearance or manipulation of the landscape by humans. 
Such paleo-fire records have produced important findings in the prehistoric human
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ecology of northern Australia and the New Guinea highlands (Kershaw 1976, 1986; 
Walker and Flenley 1979).
6.5.1. Sediment characteristics and pollen
Sediment characteristics are not particularly useful in the case of Yeak Kara 
Lake. The sedimentation rate changes only slightly through the core (Table 5.4), 
assuming that there are no major shifts hidden between the measured ages. The higher 
rate at the bottom of the core is probably an artifact of sediment focusing, a process 
whereby sediments tend to accumulate more quickly in the center of the lake, because 
9000 years ago the lake was 15 meters deeper, the lake bottom more cone-shaped. There 
are no significant variations in texture through the core. The only significant variations in 
sediment characteristics are due to changes in lake chemistry and groundwater, and are 
not likely influenced by human activity.
Agricultural pollen indicators are virtually absent from the pollen record of Yeak 
Kara. In Southeast Asia, the most important cultivated crop is Oryza sativa, rice. It is 
not clear whether cultivated rice pollen can be distinguished from wild varieties. Several 
studies from India have found abundant large Gramineae grains, some >60pm, which 
were attributed to cultivation (Gupta 1978, 1981; Mukheijee 1972). However, Maloney 
(1990), in a meticulous review of wild and cultivated Gramineae pollen types from 
Sumatra, concludes that cultivated rice pollen cannot be clearly distinguished in light 
microscopy from wild rice varieties, nor from certain other wild grasses. The best 
approach is to identify Gramineae pollen grains in the size range of cultivated rice, 33-37 
pm diameter, and to suggest that these, in combination with other factors, can point to 
the probability that agriculture is represented in the pollen record.
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By that criterion, the curve for potential rice pollen on core BYK2 is 
unremarkable, because it largely follows that of the smaller size of Gramineae grains.
That concurrence strongly suggests that the wild grass flora simply includes some taxa 
with pollen in the same size class as rice, and that the whole record reflects only the 
occurrence of wild grasses. There is only one section of the core in which the shape of 
the curve for Gramineae pollen larger than 33 pm departs from that of the smaller size 
(see Figure 5.12). That period falls across zones YK-3A and YK-2B, at approximately 
7200-4500 BP (1050-590 cm depth). Before asserting that that period reflects early rice 
cultivation, it should be noted that it is also mostly a period of high values for Tetrameles 
and other dense forest indicators, like Hopea and Calamus. That section may be 
reflecting the occurrence of a species of wild grass favored by relatively moist 
conditions. The question of whether rice may have been cultivated in the Yeak Kara 
watershed cannot be settled now, but it may be helplul to take into account the suitability 
of the site for agriculture and for accumulation of cultivar pollen, discussed below.
A list of other certain cultivars in Southeast Asia is “a short and sorry one” 
(Maloney 1994). Other than rice, Gramineae pollen resembling Paspalum (one type of 
millet) and Saccharum officinarum (sugar cane) are difficult to confirm as cultivars 
because of the diversity of wild grasses (400 spp. in Thailand), some of which may have 
similar morphology. Palms, such as Cocos tmcifera (coconut), Borassusflabellifer, 
Arenga (both sugar palms/ Areca (used with Piper betel), and some Calamus spp. 
(rattans) could be useful, but only with fairly precise information on the distribution of 
wild and cultivated types. Such information is lacking for this project’s study area, and 
the two most common lowland palms, Cocos and Borassus, are rare outside the major
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river towns in the northeastern Cambodian uplands. Other than these, most other pollen 
types representing cultivated plants cannot be distinguished from wild plants, which 
should not be a surprise in an area where highland agricultural plots are only temporarily 
distinguishable from secondary scrub or forest. Table 6.1 lists these types, along with 
others which are poorly represented in sediment samples.
Table 6.1. Problem pollen types among potential indicators of cultivation
Taxa for which cultivated pollen types are difficult 
or impossible to distinguish from wild types 
(selected from Maloney 1994)
Taxa known to be cultivated in study area, but 
very rare in. or absent from, sediment pollen 
assemblages
Piper spp. (pepper, betel)
Uncaria spp. (gambier. tannin)
Pinus merkusii 
Mangi/era indica (mango)
Artocarpus spp. (jackfruit. etc)
Bombax malabaricum (B. ceiba?) (kapok) 
Citrus spp.
Carcinia spp. (mangosteen)
Flacourtia spp. (East Indian plum) 
Baccaurea sp. (rambai)
Croton spp.
Palaquium spp. (gutta percha)
Stvrax benzoin (benzoin)
Dioscorea spp. (sweet potato)
Musa sapientum (banana)
Sesamum indicum (sesame)
Cucurbitaceae (melons, squash, gourds) 
Solanaceae (eggplant chili pepper, tomato) 
Anacardium occidentale (cashew)
Cigna spp. (long beans)
Manihot spp. (cassava)
Before moving on from this background discussion, study site characteristics, 
such as those discussed in Chapter 3 and by White (1995), also should be taken into 
consideration. Specifically, Yeak Kara Lake is not now, and probably never has been, a 
settlement site. The main limitation seems to be access to flowing water. All permanent 
indigenous settlements encountered by the author in northeastern Cambodia are located 
less than V2 km from a perennial stream. Yeak Kara is ca. 1 km from the nearest stream. 
None of the watersheds of the five volcanic lakes are settled, other than a small part of 
Yeak Laom, nor have they been settled within the memory of local villagers. In the case
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of Yeak Laom, spiritual taboos kept people from even cutting the lakeside vegetation 
until very recently. Although similar taboos were not mentioned as keeping people from 
Lumkat, Yeak Kara or Yeak Om, it is possible that a combination of high wildlife 
populations (including crocodiles, poisonous snakes, and tigers), stagnant water, and 
powerful spirits could keep people from settling on the shores of the lakes, especially as 
there are enough village sites available along streams. Yeak Kara is unique among those 
lakes for its shallowness, and the very swampy riparian zone is more difficult to walk 
through than the other lakes’ more stable banks.
Yeak Kara sediments, then, are highly unlikely to contain physical evidence for 
basin erosion attributable to settlement. It is also unlikely to accumulate pollen from 
agricultural plots which are, today, at least one kilometer away (see Table 4.1), although 
it is possible that there were agricultural plots in the surrounding forest in the past. These 
characteristics, though, in limiting the site’s usefulness as a record of human disturbance, 
enhance the site’s suitability for recording paleoclimatic changes, as riparian and 
extralocal environmental changes could only partially have been directed by humans.
In summary, in the present study area, pollen is not particularly useful as a direct 
indicator of human activity, especially of agriculture. The best strategy for detecting 
human influence on the landscape calls for integration of indirect pollen indicators and 
charcoal. Indirect indicators primarily include pollen types which represent early 
successional stages in vegetation recovery from disturbance. Once periods of disturbance 
are identified, additional evidence from other proxies can help clarify whether or not the 
disturbance is mostly anthropogenic.
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In Southeast Asian rain forests, the most common pioneer genus is Macaranga 
(Whitmore 1984; 277), although there is much variation in the composition of recovering 
gaps (Whitmore 1978). Mallotus, another euphorb, is also common in secondary forests, 
and in fact Schmid, in describing vegetation of the highlands of southern Vietnam, says 
that all Euphorbiaceae except Baccaiirea are found in degraded and low secondary 
formations, where soil is not too depleted (Schmid 1974, 97). Trema (Ulmaceae), 
widespread in the tropics of both the eastern and western hemispheres, is another 
common pioneer in southeast Asian forests (Schmid 1974; Vidal 1960; Dy Phon 1970). 
Trema is one of the most common pollen types in the Yeak Laom Lake surface sample.
The pollen taxon Moraceae/Urticaceae has been used as a disturbance indicator 
(Maloney 1985), although Ficus should perhaps be treated as a dense forest and/or 
riparian taxon. Compositae genera, well represented in northern Asia and North America 
by Artemisia or Ambrosia, are not particularly abundant in the lowland tropics. In the 
study area for this project, Eupatorium odoratimt is the most abundant species in scrub 
vegetation, but it produces very little pollen. Gramineae are useful for indicating when 
the forest canopy opens up, either as a result of human disturbance or through climate 
change. Unfortunately, it is not clear whether some Gramineae grains come from 
bamboos growing around the study sites.
There are many other disturbance indicators, both in the vegetation and in the 
pollen spectrum (see Table 5.5), which are discussed below as they are appropriate to 
the interpretation of the data. As with dense forest taxa, many disturbance taxa 
apparently do not produce much pollen. However, among the represented types an 
important distinction can be drawn between those which represent occasional
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disturbance of forest (e.g., Trema, Macaranga, other euphorbs) and those which reflect 
more frequent disturbance and maintenance of lower or more open canopy (e.g., 
Gramineae). The distinction is important for interpreting the record in terms of human 
activity, as the first group, more prevalent in the surface pollen assemblage of Yeak 
Laom, may reflect swidden cultivation, while Gramineae, dominating the assemblage at 
Lumkat, probably reflects either open forest or more continuous cultivation.
6.5.2. Charcoal
Interpretation of the charcoal record at Yeak Kara calls for consideration of three 
factors: 1) How large an area is represented by the charcoal record? 2) What time span 
does each of the concentration values represent, and therefore, do gaps between samples 
represent a significant loss of information? and 3) How do changes in concentration 
represent changes in the types or timing of fires? Although these questions cannot be 
answered in detail without more closely spaced sampling and dating, they can help to 
explain the significance of the six discreet charcoal zones described in Chapter 5.
Concerning the source area for the charcoal, according to the model of Jacobson 
and Bradshaw (1981) for pollen provenance, a lake the size of Yeak Kara (250 m 
diameter, ca. 5 ha area) receives the majority of input (ca. 50%) from “extralocal” 
sources, i.e., from sources within 20 to several hundred meters of the basin. An 
additional 15% would be local (within the basin), and 35% regional. That breakdown 
may not hold true for pollen in densely forested tropical regions because many plant taxa 
do not rely on wind dispersal for pollination. However, the model should work for wind- 
dispersed charcoal. Patterson et al. (1987) mention a study from Maine (Backman 1984) 
in which a known large fire was not reflected in the sediment record of an adjacent 3 ha
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basin. This suggests that regional fires would be only dimly reflected in the records of 
lakes the size of Yeak Kara. Clark (1988) theorized, according to particle transport 
models, that smaller particles travel farther than larger particles and, therefore, represent 
a regional fire regime in whatever size basin they occur. Whitlock and Millspaugh (1996) 
found that macroscopic charcoal abundance did not vary with lake size, over several sites 
which varied in distance from the fires. These various conclusions somewhat conflict 
with each other, even though like terms are not always being compared. It would appear, 
as Whitlock and Millspaugh conclude, that lake surface area is not an automatic indicator 
of charcoal provenance, and more work needs to be done to determine how large an area 
is represented in any particular lake’s sediments.
Considering the uncertainties, the working assumption in this study is that 
because Yeak Kara lake is relatively small and surrounded by dense forest, the input is 
mostly extralocal. However, because most of the charcoal particles counted were small 
(<1000 pm2) they may, therefore, represent the regional fire regime. Yeak Laom and 
Lumkat lakes are large enough to assume a preponderance of regional input.
Tackling the problem of the duration represented in each sample begins by using 
the interpolated sedimentation rates to determine that an average sample, ca. 1 vertical 
cm of sediment, represents 11 years’ deposition in core BYL6, 12 years in core BLK, 
and 3-8 years in core BYK2. For most of core BYK2 each sample represents 6-8 years, 
as only the bottom two meters are subject to the much higher sedimentation rate. Added 
to this range is the time it takes for charcoal to be deposited in sediments after a 
particular fire event. Whitlock and Millspaugh (1996) noted that charcoal influx into 
Yellowstone Park lakes was still increasing five years after the fires. They also, in a
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previous study, found known fires depositing charcoal in lake sediments over a 20 year 
period (Millspaugh and Whitlock 1995).
Bioturbation can also cause a signal in the sediments to be averaged over a long 
period of time. Although the two larger lakes are unlikely to have any benthic fauna, 
because of their depths, Yeak Kara lake definitely hosts at least ostracodes and worms, 
and may also have a type of small clam which is abundant in the littoral zone of Yeak 
Laom lake. Crocodiles also could cause some sediment mixing. I have no information on 
how much sediment mixing may be caused by the benthic organisms in Yeak Kara. R.B. 
Davis (1974) noted that tubificid worms, in a lake in Maine, were most active in 
sediments to a depth of 7-8 cm, and burrowed to as much as 34 cm depth (Nichols 
1967). This 7-8 cm figure seems like a minimum estimate for mixing of the very loose 
mud in Yeak Kara, but would mean mixture of sediments representing 40-60 years. 
Smearing of the charcoal signal could be further exaggerated if any single event resulted 
in deposition over twenty years, as mentioned above. It seems reasonable to conclude 
that any particular 1 cm sample from Yeak Kara could represent mixing of 6-80 years of 
deposition, possibly more. Individual samples from the two deeper lakes should be 
subject to less mixing because of the absence of a benthic fauna, but the process by 
which particulates settle through the water column of deep lakes in the tropics is not well 
understood, and it is possible that even the deepwater sediment samples represent more 
than their ostensible 11-12 years of deposition.
Given such a spread in the amount of time represented in individual samples, the 
sampling increment for core BYK2 of 45-184 years (a mean of 112 years, nine exceeding 
150 years, 2/3 are under 120 years) should not represent a serious loss of information
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among samples that are well mixed. The reasoning is that if charcoal particles are mixed 
through an 80-year period (analogous to an 80-year running mean on annual data), only 
about 32 years (112 minus 80) of deposition will be missed completely between samples. 
The majority of the sediment column will be sampled in an averaged signal. Among 
samples unlikely to be mixed (e.g., ostensibly annually laminated sections in pollen zone 
YK-3), there is a greater likelihood that individual fires or short fire periods could be 
missed. However, during most of the zones concerned, there are enough samples spaced 
at unbiased intervals within each charcoal zone to suggest that the trend within each 
zone is real, and that departures from the trend can be treated as anomalous. Basically, 
the BYK2 charcoal record should be good for reflecting extralocal to regional fire 
activity over a temporal scale of a few centuries.
The sediments in the two larger lakes are sampled at about 98 years for BYL6 
and 109 years for BLK, if the age interpolation is correct. Because there is presumed to 
be no bioturbation of these deep lake sediments, there is a possibility that charcoal 
deposits from significant individual fires or fire periods could be missed.
Finally, in addressing the problem of fire frequency, because of the presumed 
smearing of any individual charcoal deposit in the record from Yeak Kara, the record 
may not be well suited for detecting individual fires, and therefore, for determining fire 
frequency. MacDonald et al. (1991) mention this limitation in their review of charcoal 
analysis techniques, and both they and Clark (1988) say that the limitation is particularly 
clear where the charcoal particles being counted are small (microsopic, 5-80 pm 
diameter) and, thus, represent input from the regional fire regime. However, both of 
those studies discuss fire history at a finer temporal resolution than is possible here.
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Patterson et al. (1987) are clear that individual fires can be detected if the return time is 
80-150 years or more, in lakes with a sedimentation rate of 1-2 mm per year (they do not 
specify a sampling interval).
Although we cannot depend on the Yeak Kara record to directly calculate fire 
frequency, there is a possibility that any particular peak in the record could represent a 
single large fire. This possibility is more likely during periods in the record when the 
dominant vegetation is dense forest with a fire return time of 100-200 years, or more; 
and when a peak signal is followed by a relatively abrupt surge in disturbance pollen 
taxa. This pattern is found at the close of pollen zone 3 (charcoal zoneYK-C5), and may 
be found in more subtle form in other points in the core.
For fire regimes with long return times, the amplitude of the charcoal signal may 
be indicating the type of fire regime prevailing in each of the different charcoal zones. 
Basically, a large range in the values from one sample to the next (high-amplitude signal) 
reflects a single large fire or high fire period followed by a low fire period; whereas more 
even values over a certain period (low-amplitude signal) indicate fires occurring at time 
intervals at least as frequent as the sampling increment (averaging 112 years).
Although a number of factors can be involved in the timing of fires, it is very 
difficult to imagine that humans controlling a fire regime would time bums at intervals of 
over 100 years. That could possibly be the case where population densities are low and 
the forests are subject to swidden cultivation. This is not a situation in which several 
generations of villagers sit down together and say, “We burned this patch this year, so 
we’re not going to bum it again for 150 years, okay, son?” It is conceivable, however, 
that, without precise planning, a certain age of forest would be considered optimum for
216
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
cutting a new chamkar, and that age could be over 100 years if the climate and soil were 
such that only old forest contained soil of adequate fertility. The problem with this 
perspective is that, in the present day, most of the indigenous farmers in northeastern 
Cambodia prefer 3-5 year-old scrub, 10-30 year-old secondary hardwood forests, or 3-7 
year-old bamboo groves for new chamkar because the soil is rich enough and much less 
labor is required for cutting and burning than for cutting and burning older forests. 
Generally, older forests are conserved as spirit forests and/or for hunting and gathering 
non-timber products (Gordon Paterson, pers. comm.). Local villagers say that only 
recently, when population pressures are bulding to unaccustomed levels, are they 
compelled to cut old forest. So it is problematic to attribute a fire regime with a return 
time of more than 100 years to human control.
Conversely, a more even, low-amplitude charcoal signal could indicate human 
control of the fire regime. All of the present-day indigenous patterns of land-use call for 
semi-controlled burning at intervals much shorter than the sampling interval used in this 
study. In areas where swidden is common, burning of scrub, bamboo, or secondary 
forest occurs every year within a radius of ca. 2-4 km around a village, with perhaps 
more intense burning every 2-3 years when new plots are cleared. Such a regime is likely 
reflected in the record of Yeak Laom Lake. Annual burning of the herbaceous ground 
layer is the norm for dry forest such as surrounds Lumkat Lake. Dense forest such as 
surrounds Yeak Kara does not bum frequently now, although it may have been suitable 
for chamkar at some point in the past. The relatively low recent charcoal concentration 
values in core BYK2 probably are simply a muted signal of annual burning in the dry 
forest nearby, at a distance of a few hundred meters. The point here is that, if present-
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day land-use is used as an indicator of past regimes, anthropogenic burning is very 
frequent, and sediment charcoal reflecting such regimes should show relatively even 
values, with a few spikes where extraordinary droughts lead to fires in older, mature 
forests.
This is not to say that an even, low-amplitude signal can only reflect human 
burning. Many charcoal records from the tropics show long periods with low or no fire 
activity (e.g., Kealhofer and Penny 1998), and these periods are assumed, for various 
reasons, not to involve human influence. Theoretically, the only condition required for 
the low-amplitude signal, other than a predominantly regional charcoal provenance, is a 
high frequency fire regime. A non-anthropogenic frequent fire regime seems possible in a 
monsoon or wet-dry climate, but to prove that empirically is difficult because one would 
have to obtain a long-term record from a site with a strong monsoon climate, where 
people have not been burning the vegetation for a long time. Such a place may not exist 
now, and if it did, it is unlikely that it could fUmish a well-dated record.
The most promising records for that type of assessment are those from 
northeastern Australia (Kershaw 1974, 1986), discussed in Chapter 3. There, fire activity 
increases at the beginnings of glacial stages, and especially at 38 ka, the last, highest 
peak being attributed to human impact. Following the high peak at 38 ka, the period 
between ca. 30 and 15 ka is quiet, followed by a 6000-year period of high fire activity, a 
quiet early Holocene, and another surge in the late Holocene. But the resolution of the 
charcoal record is not fine enough to determine any pattern at a scale of less than 5000 
years, and the low resolution of the signal makes it difficult to compare with the 
Holocene record from Yeak Kara.
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Other areas outside of Southeast Asia could perhaps shed light on the 
interpretation of charcoal signal periodicity. In the Panama lowlands of Central America, 
the rise in sedimentary charcoal clearly corresponds with initial settlement of the area by 
indigenous populations, at ca. 11,000 BP (Piperno et al. 1991). Charcoal abundance 
fluctuates but remains high throughout the Holocene, but no periodicity is apparent in 
the fluctuations. Horn’s record from the highlands of Costa Rica shows a sawtooth 
(high-amplitude) signal all the way through the 4000 year record (Horn 1989). Highest 
charcoal levels are found in the period 2500-1200 BP, with peaks during this high fire 
period approximately every 300-400 yrs. During low fire periods no cycle can be 
distinguished because the signal is more irregular, but the pattern seems to be lower 
frequency. In Kenya, no distinct cycle is apparent in a 1500 year record of grassland 
fires, although a distinct high-fire period is followed by a change in the composition of 
the grass flora (Mworia-Maitima 1997). Other records from tropical seasonal climates 
either have no charcoal data (e.g., Behling 1998; Ledru et al. 1998; Salzmann and 
Walker 1998), or their chronologies are vague (Horn and Sanford 1992; Vaughan et al. 
1985).
Still, though, there is a major inherent problem with using charcoal signal 
amplitude as a proxy for fire frequency. Low amplitude could simply be an artifact of 
sediment mixing. It is possible that at 3550 BP, when the charcoal signal evens out, that 
Yeak Kara became shallow enough to introduce some new factor in the lake sediment 
environment (e.g., a new animal species contributing to bioturbation) which increased 
the depth of mixing over what it had been in lower levels. However, if the change at 
3550 BP is viewed in combination with inferred vegetation changes, it appears as though
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the reduction in charcoal signal amplitude coincides with a gradual reduction in forest 
extent and a significant gain in Gramineae abundance. That trend suggests that fire 
frequency did actually increase over the time of the charcoal zone boundary.
Given the many uncertainties, for this study, periods with a more even charcoal 
concentration signal are taken to reflect relatively high-frequency fire regimes, which are 
probably, but not necessarily, controlled by people.
6.5.3. Inferred fire history
Having outlined the criteria used for interpretation of charcoal data, the following 
interpretation is offered (see Figure 5.16, Table 5.7).
Charcoal zone YK-C6, 9300-7900 BP: Generally dry conditions in the study 
area encourage fires right up to the lake edge. Although there are distinct high- and low- 
fire periods, the low-fire periods still show high mean values relative to the rest of the 
core sections. Mean values in this zone are almost ten times as high as they are in the 
present. Moving up-core from the bottom the average level of fire activity is decreasing 
through this period. With a relatively high sedimentation rate the sampling increment is 
down to 45-100 years. Despite the shorter increment, there are distinct troughs and 
peaks between adjacent samples, with highest fire activity occurring in peaks 100-300 
years apart. The fire regime is probably controlled by climate.
Zone YK-C5, 7900-5300 BP. A very low level of fire activity coincides with the 
period of maximum strength for the summer monsoon. Fire activity moves away from 
the riparian zone, creating conditions amenable to a gradual shift to more evergreen 
forest. One minor peak at ca. 6200 BP suggests a drought period occurring in the middle 
of the monsoon maximum. Fire activity is as low as it is in the present-day. Although the
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low amplitude signal could indicate human control, the timing of this low-fire period 
coincides with the monsoon maximum known from other sites in the region. Also, this 
period is bracketed chronologically by ostensibly climate-directed fire regimes. For those 
reasons the charcoal record in this period is taken to reflect climatic control.
ZoneYK-C4, 5300-3550 BP: Abruptly increased fire activity marks the end of 
the monsoon maximum. Fire activity was higher than in the present-day, but the 
watershed was not subject to intense fires, as in zone YK-C6. The high amplitude signal 
suggests, still, a climate-controlled fire regime, with peaks of fire activity occurring at 
intervals of over 300 years. In such a regime, the fires were affecting semi-evergreen 
forests, with more forest area in a pioneer successional stage than during the previous 
period.
Zone YK-C3, 3550-2500 BP: There was a continued high level of fire activity, 
but without peak periods. The lower amplitude signal implies more frequent, medium 
intensity fires, compared to the previous period. This may represent the first period of 
distinct human control over the burning, and the pollen suggests a change in the overall 
vegetation composition and structure, from secondary and pioneer forests to slightly 
more grass cover.
Zone YK-C2, 2500-950 BP: Very low fire activity, the lowest mean and 
amplitude of all charcoal zones. The evenness of the signal implies either a very wet 
climate or more frequent, low intensity burning by people. The subdued fire activity in 
this period is mirrored, at least in part, in the records from Yeak Laom and Lumkat 
lakes. The single large fire peak in the Yeak Laom record (core BYL6) during this 
period may indicate a drought.
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Zone YK-C1, 950 BP - present: The generally low level of burning remains, but 
there are occasional minor peaks of fire activity. Fire activity is very low in the present- 
day fire regime, represented in the top two samples from the core. Only zone YK-C5 
reflects a quieter fire regime.
6.5.4. Inferred human influence on vegetation
The record from Yeak Kara is not suitable as an indicator of agriculture in the 
study area. Changes in the pollen assemblage, especially disturbance indicators, plus 
changes in charcoal provide some hints about periods of vegetation disturbance, but the 
impact of humans is reflected only indirectly, perhaps as a regional human adaptation to 
hunting and travel in dry deciduous forest habitat. Using the surface sample from Yeak 
Laom as a guide, and relying heavily on Trema as an indicator, there is only one section 
in the core which could be reflecting swidden cultivation, and that is in pollen zone YK- 
3, at ca. 5400-3550 BP. Although it is tempting to see that as an early indication of 
human impact, the return time for strong fires in that period appears to be more than 100 
years, and that suggests that the fire regime was not directed by people.
The change in fire regime at 3550 BP, coupled with the surge in importance of 
grasses, reflects an increase in fire frequency resulting in an opening up of the forest 
canopy near, but not adjacent to, the lake. It is impossible to determine whether such a 
fire regime could have been directed only by climate. But open forest structure, in the 
present day, reflects anthropogenic burning as an adaptation to a strongly monsoonal 
climate. So it is possible that that change marks the beginning of widespread human 
impact on the study area’s landscape.
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However, the change at 3550 BP is so subtle that it could be reflecting a shift to 
more strongly seasonal climate with more frequent, but not annual, natural fires. The 
pollen assemblages and charcoal concentrations in the period 3550-2500 BP do not 
resemble those of the present day, so the analogy suggested above with today’s open 
forest is questionable. Three millenia ago burning probably occurred closer to the lake 
than at present, and that suggests that fire intensity was higher or that edaphic conditions 
in the forest perimeter were drier, both of which factors point to climatic control.
Reversion to dense forest at ca. 2500 BP reflects extralocal changes, a movement 
of grass-dominated vegetation away from the lake, and its replacement by a buffer zone 
of swamp forest and semi-evergreen forest. The open forest beyond that buffer burned in 
a pattern of annual low-intensity fires, not strong enough to penetrate the more moist 
semi-evergreen forest on more fertile volcanic soils. That inferred fire regime reflects 
human control, similar to today’s, more convincingly than the regime described for the 
previous period.
If the records of the three lakes in this study are compared over the last 2500 
years, and the chronological mismatches set aside, the synchronous low-fire regime 
described in Chapter 5 for the period 2500-400 BP could be taken as a regional 
phenomenon, reflected in the sediments of all three lakes. The lakes are too far from each 
other (5-28 km) to allow for extralocal input in common. This implies that core BYK2 
can be used to infer regional patterns, even in the lower section where confirmation from 
the other lakes is lacking. However, if the measured ages and interpolated chronologies 
are taken more strictly, then the onset and breakup of that quiet period are not 
synchronous among the sites, and the Yeak Kara record may be only weakly
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representative of regional changes. Still, all three lakes do show a relatively stable, low 
intensity fire regime between 2000 BP and 950 BP (taking the single extreme peak in the 
BYL6 record at 1200 BP as an anomaly). The timing of that low-fire period is crucial, in 
a regional context.
Burning of dry deciduous forest, as reflected in the Yeak Kara record, is a land- 
use practice which is adaptive to extensive activities such as hunting and traveling in 
strongly monsoonal lowland settings. Because of the extensive nature of the activity, and 
because of the inferred timing of its adoption, we are led to question how the Yeak Kara 
record may be describing culturally influenced environmental changes over the region 
beyond northeastern Cambodia. That topic will be explored in the following chapter.
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CHAPTER 7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
RESEARCH
The summary interpretation of the Yeak Kara record offered in the previous 
chapter represents the primary contribution of this work to the general body of scientific 
knowledge concerning Holocene environmental history in Asia. But in concluding this 
study it is important to clarify that certain inferred changes in the sequence can be 
accepted with more confidence than others. The overall core chronology is secure, 
taking into account the possibility that some of the middle and upper sections may be 
assigned ages that are too old by up to a few hundred years, due to old carbonate 
contamination. Significant, relatively abrupt environmental changes occurred at 
approximately 8500 BP, 5400 BP, 3500 BP, 2500 BP and 600 BP. The change at 8500 
BP marks the transition from relatively cool, dry, Late Glacial climatic conditions to 
warmer, wetter conditions associated with a major strengthening of the southwest 
summer monsoon. At 5400 BP, conditions became drier, fire activity increased, and early 
successional patches in the forest became more extensive. Conditions may have become 
even drier at 3500 BP, with more frequent fires, and more open, grassy, early 
successional vegetation. At 2500 BP vegetation reverted to a dense forest type, which 
could reflect either reversion to a stronger summer monsoon or more frequent 
anthropogenic burning, or both. The final change, at 600 BP, could be a further shift to 
wetter climate, or the record at that point may primarily reflect changes in Yeak Kara’s 
littoral and riparian environment.
The timing and characteristics of the Late Glacial/ Early Holocene transition and 
the monsoon maximum help to confirm that the Southeast Asian mainland does fall
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within the general pattern for the late Quaternary Asian monsoon dynamics, with 
particular similarity to trends found in southwest China. The fact that the Late Glacial/ 
Early Holocene transition occurs as much as 1000 years later than at other sites on the 
margins of the monsoon region encourages further enquiry into the processes controlling 
that transition. The process outlined here, in which slow post-Glacial recovery of a 
marine moisture source caused a lag in the subregional response, prompts a more general 
examination of the role of upstream terrestrial conditions in modulating the intensity of 
the summer monsoon. It may also be productive to look at the Late Glacial dynamics of 
oceanic circulation, as they affected the configuration and temperatures of the Gulf of 
Thailand and South China Sea.
It is impossible to say with confidence that the changes at 5400, 3500 and 2500 
BP are primarily attributable to climatic change, or that they are primarily attributable to 
human control of the fire regime. Several factors confounding the analysis are discussed 
in the previous chapter. Referring to other records from the region, climatic changes are 
often indicated for the general periods ca. 5500 BP (end of monsoon maximum) and 
3500 BP (end of mid-Holocene dry spell), and the age 2500 BP comes up often in 
archaeological research in the region. But there is enough variance in both climatic and 
archaeological records to undermine any effort to correlate the inferred environmental 
changes with a single controlling factor.
One of the major markers found in the regional archaeological record, and 
phasing into the historical record beginning about 2000 years ago, is the development of 
mandalas, strongly centralized states with fluid outer boundaries (Higham 1989,239- 
240). In Cambodia, the manifestations of this trend were a sequence of major Indian-
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influenced civilizations, beginning ca. 190 A.D. with Funan in the Mekong Delta, 
succeeding to Chenla, ca. 550-800 A.D., along the Mekong River up to the confluence 
with the Mun River, and culminating in Angkor, 802-1432 A.D. at the northern end of 
the Tonle Sap (Briggs 1951). The timing of the rise and decline of these major states 
coincides with the levels in the Ratanakiri lake records where fire activity drops to 
minimum values. Is there a connection between the development of these states and land 
use in the highlands?
The one account of the customs of people at Angkor mentions rampant slave 
trade with the highlands (Chou 1992), and such slave trade was apparently still prevalent 
into the late 19th century (Cupet 1998). Origin legends explained by villagers during 
fieldwork for this study usually included an account of their migration from the Tonle 
Sap basin upon disintegration of the Angkorian empire. Although there is no way to 
confirm a connection between the social organization in the lowland states and land use 
in the highlands, it is not inconceivable that the developing civilizations initiated and 
maintained a trade network that involved regular communication with the highlands. As 
mentioned above, one of the reasons given by local informants for annual dry forest 
burning is to facilitate travel and communication among villages. A change from random 
natural fires or haphazard forest burning to regular annual ground layer burning could 
have produced a shift in the record to a low average charcoal signal, because of the 
reduction in biomass burned per fire. Future research into ecological change in this 
setting should seek to clarify whether the fire regime, as a major determinant of 
landscape evolution, could possibly reflect such a broad scale land use trend.
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The fact that it is difficult to distinguish a point at which human impacts on the 
landscape are obvious should not be taken as an analytical setback, for two reasons.
First, it is possible that humans were controlling the fire regime throughout the entire 
record presented here. Paleoecological records from northern Australia, New Guinea, 
and Sumatra certainly indicate that early Holocene anthropogenic burning was 
widespread in the region, and these records come from places that are, in terms of 
presumed migration routes, downstream from mainland Southeast Asia. So it is logical 
to accept a possibility that the study area was subject to extensive, hunting-related 
burning for more than 9000 years.
Second, and more importantly, the fact that the present day charcoal signal is so 
low shows unambiguously that human impacts are reflected not only by high fire activity. 
As a way of ramifying the perspective taken in many previous studies, that a surge in 
charcoal reflects initial human impacts, the present study calls for an alternative view, 
that human influence may, in certain situations, be reflected by a drop in the charcoal 
signal, through the mechanism outlined above. Annual ground fires in open forest 
produce a relatively subdued charcoal signal, because the reduced intensity of that 
regime conserves trees, thus reducing the total biomass converted to aerial charcoal. In 
the long term, such a regime may tend to maintain forest structure under ecological 
conditions in which such a vegetation structure is marginal.
To bring these various speculations up to the level of testable hypotheses, much 
more research is needed on the biogeography of the study area. One of the most pressing 
needs is the reinstatement of national professional expertise in botanical research in 
Cambodia, which was obliterated by the many years of civil war and institutional
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stagnation. The lack of baseline data on floristics makes it impossible to interpret with 
confidence the relatively subtle palynological changes found in the fossil record, and to 
model how inferred local vegetation changes translate into subregional changes in the 
extent and altitudinal range of pertinent vegetation formations. This constraint, in turn, 
makes it difficult to fit the subregion into regional, hemispheric or global scale models of 
climate change.
A combination of physical and cultural research is needed to clarify how 
indigenous peoples influence fire regime and vegetation in the area, and to clarify how 
the present-day patterns of influence have evolved. Such a research perspective has the 
potential of benefitting not only the scientific community, but also local communities and 
development agency personnel who are genuinely concerned about the long-term 
viability of the forest resource base during the upcoming period of marked climatic 
change.
As mentioned in Chapter 2, more well-dated proxy paleoclimatic data are needed 
from the monsoon region as a whole. Fortunately, the area represented in this study still 
holds great potential for continuing paleoecological research. More specifically, it would 
be helpful to obtain material from a site where a) a longer record could be obtained, 
extending into the Pleistocene, b) the pollen and charcoal provenance is more regional, 
c) a higher resolution record is possible, at least for the last 4000-5000 years, and d) 
indicators of human activity are clearer. It seems as though Yeak Laom Lake would be 
ideal for satisfying those criteria, but retrieving a longer core from 48 meters depth will 
require more planning and more sophisticated equipment than were used for this study.
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The sites discussed in this dissertation have given valuable data enabling an initial 
reconstruction of Holocene environmental changes in the southeastern uplands of 
mainland Southeast Asia. Further research on changes in vegetation, fire regime, and 
climate in this area can help to fill gaps in our understanding of regional climatic and 
ecological processes, and of the dynamic geographical linkages between this and 
surrounding regions. Histories still reside in the lakes, and their languages are slowly 
becoming clearer.
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APPENDIX A: FOREST TYPES IN EASTERN CAMBODIA
This appendix contains excerpts of general descriptions and plant lists for the 
forests of Cambodia, east of the Mekong River, translated by the author from Rollet 
(1962). Family names have been added, and modifications or corrections to genera or 
species have been made where possible, based on Mabberley (1997) and Willis (1966). 
Some Khmer names have been added following Martin (1971).
Riparian forest, gallery forest
Generally the riverine forest is dense, even in areas of dry deciduous forest, with 
a canopy of 20-30 meters. Sometimes the understory of russey khley (small weedy 
bamboo) puts this in a semi-dense category.
Genus or species Family Khmer name
Dipterocarpus alatus Dipterocarpaceae Chhoeuteal tuk
Hopea odorata Diptcrocarpaceac Koki
Berrvn mollei Tiliaceae Tasocum
Hydnocarpus anthelmintica (very common) Flacourtiaccac Krabau
Sarcocephalus curdatus Rubiaccac Kdol
Alangium Alangiaceac Angkol
Combretum cptadrangulare Combrctaccae Sangkhe
Terminal/a bialata Combretaceae Popeal khe
Mai lotus (Coccoceras anisopodunt) Euphorbiaccae Chrakcng touy
ll'alsura Meliaccae Sdok sdao
Sterculia foetida Stcrculiaceae Samrong
Hvmenodictvon Rubiaccac Oulok
Ficus spp. (stranglers) Moraccae Chrev
Xanthophyllum spp. Xanthophyllaceae Anchcngl?)
Crudia chrysantha (along Sesan &Srcpok) Caes. Lcgum. Sdev
Artogeissus acuminata Combrctaccae Sov
Strvchnos Loganiaceae Sleng
Eugenia cambodiana, E. Jluviatilis Mvrtaceae Pringtuk
Cvnometra dongnaiensis Caes. Legum. Ampil tuk prey
Pterospermum diversifolium (very common) Sterculiaceae Pang
Schoutenia Tiliaceae •}
Combretum trifoliatum Combrctaccae Vortras
on rocks in streams:
Artabotrvs Annonaceae thmong
Crataeva numila Capparidaceae toniea
Homonoia Euphorbiaccae rcy
Telectadium dongnaiensis Asclepiadaceae 7
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along the Mekong:
Cordia obliqua Boraginaceae Ao chrung
Barringtonia acutangula Lecythidaceae Rcang (?)
Diospyros helferi Ebenaceae Trayung tuk
Acacia harmandiana Mint. Lcgum. Thmoa tuk
Morinda persicaefolia Rubiaccac ?
Eugenia spp. Mvrtaccae Pring
Quassia (Samandura harmandii) Simaroubaceac ?
Xanthophvllum Xanthophyllaceae Anseng(?)
Anogeissus rivularis Combrctaceae Ancheng
Polvalthia Annonaceae Thmong kouk
Diospyros sp. Ebenaceae Tonleap
Artabotrys Annonaceae Thmong
Gallery forests
These are relictual forests found along stream courses in the dry forest setting. 
They may come from dense or semi-dense forests and may reflect a simplified 
composition, but the compostion can be confused, without clear affiliation. Generally the 
large trees of dense forests are absent. Dipterocarpus alatus is spotted here and there, 
but the Lagerstroemia are remarkably few in number. Along intermittent streams the 
galleries are generally of Dipterocarpus intricaius and leguminaceous trees. Dalbergia 
nigrescens is abundant. Other common genera include Xylia, Pterocarpus, Sindora, 
Peltophorum, Anogeissus, Bombctx, and Vi/ex, and with Oxytenanthera (bamboo; 
Khmer, russey khley) in the understory.
Dense swamp or basin forests:
Livistona cochinchinensis Paimae Triek
Licuala Palmac Ph’ao
Calamus spp. Paimae Phdau tuk
Hopea odorata Dipterocarpaceae Koki
Dipt, alatus Dipterocarpaceae Choeuteal tuk
Eugenia Mvrtaccae Pring
Elaeocarpus spp. Elaeocarpaccae ?
Ficus palmatiloba (?) Moraccae 7
Sterculia Sterculiaccac Samrong
Anisoptera robusta Dipterocarpaceae Phdiek
Myristica Myristicaceae 7
General characteristics:
- very peaty soils
- palms very abundant in the understory
- numerous epiphytes; e.g. Stenochlaena palustris (Blechnaceae)
- trees w/ stilt roots; e.g. Elaeocarpus spp.
- hairy roots & pneumatophores; e.g. Eugenia sp.
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Flooded forests downstream of Kratie:
Albizzia lebbekoides Mim. Legum. Chres
Croton sp. Euphorbiaccae Probouy nhi
Croton sp. Euphorbiaceae Probouy
Phvllanthus Euphorbiaceac Prapenh chhnol
Diospyros sp. Ebenaceae Phtuol
Mallotus (Coccoceras anisopodum) Euphorbiaceae Chrakeng touy
Cudrania cambodiana Moraceae Khle
Terminal!a cambodiana Combretaceae Taour
Quassia (Samandura harmandii) Simaroubaceae Kras
Stixis Capparidaceae Ao krapou
Grewia sinuata Tiliaceae Snavtuk
Ficus heterophvlla Moraceae Slot
Derris scandous Pap. Legum. Snay moan
Melanolepis vitifolia Euphorbiaceae Samras
Morinda persicaefolia Rubiaceae Nhortuk
Gmelina asiatica Vcrbcnaccae Anchanh
Barringtonia Lecythidaccae Rcang tuk
Acacia spiralis Mim. Legum. Phala sahct
Homalium brevidens Flacourtiaccae Roteang
Garcinia Lanessanii Gutli ferae Sandan
Lagerstroemia Jloribunda Lythraceae Trabek prey
•) Vor treng
Cratoxylum (polvanthum?) Guttifcrac Srang
Combretum trifoliatum Combrctaceac Vor ampil
•} Vortras
Xanlhophyllum glaucum Xanthophyllaceae Anscng pcammetrey
Dense forests on alluvium:
These formations constitute the main body of dense lowland forests. Floristics 
are complex. This is the habitat for the large dipterocarps.
Hopea odorata Dipterocarpaceae Koki
Dipterocarpus dyeri Dipterocarpaceae Chhocutcal chhngar
Dipterocarpus costatus Dipterocarpaceae Chhoeuteal bangkouy
Dipterocarpus turbinatus Dipterocarpaceae Chhocutcal preng
Dipterocarpus alatus Dipterocarpaceae Chhoeuteal tuk
Anisoptera sppi Dipterocarpaceae Phdiek
Shorea spp. Dipterocarpaceae Lumbor
Shorea vulgaris Dipterocarpaceae Chorchong
Lychnophora scaphigera Compositae Samrang siphle
Tarrietia javanica Sterculiaceae Beysanlek
Litsea vang Lauraceae Beloi
Dehassia (Haasia cuneata) Lauraceae Neang phaek
Xanthophyllum Xanthophyllaceae Traptum
Mesua ferrea Guttiferae Bosneak
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Sindora cochinchinensis Caes. Legum. Krakas
Parinarium annamense Chrysobalanaceae Thlok
Garcinia spp. Guttiferae 7
Diospyros spp. Ebenaceae ?
The understory is leafy and evergreen, rich in Annonaceae (Sageraea, Xylopia, 
Popowia), Diospyros spp., and Euphorbiaceae. Palms and bamboo are rare, lianas few 
in number. Trees are seldom with buttresses. The understory is easily traversed, except 
where the soil becomes moist (palms, small legume trees, lianas increase), or where there 
are clearings or scrub. Locally, Apornsa, Memecylon (phlong), Mesita, Vatica, 
Chleistanthus, Grewia paniciilata, Corypha lecomtei (Paimae).
Forests on basaltic red earths:
Basaltic red earths occupy summits of uplands and plateaux. They are very deep 
and permeable to water. Thicknesses of 60 meters have been recorded. The phreatic 
zone is found at 15-20 meters depth in the rainy season, 20-25 meters in the dry season. 
The high water-holding capacity of these soils leads to dense forests being weakly 
tropophilous.
Species in the area of Banlung have an asterisk (*)
Aglaia gigantea Meliaceae Bangkcou damrey
Toona febrifuga* Meliaccac Chhamchha
Antiaris toxicaria* Moraceae Chor chhak
Tetrameles nudiflora* Datiscaceae Sampong
Cinnamomum cassia Lauraceae 7
Pterocymbium campanulatum* Sterculiaceae Chan tompeang
Terminalia helerica * Combrctaccae ?
Laportea Urticaceae Kiang
Artocarpus samper* Moraceae Sampua
Rinorea boissieri Vioiaceae Trachiek kranh
Adenanthera pavonina* Mim. Legum. Chantrey
Ilex thorelii Aquifoliaceae Chheam sangkhe
Aglaia (Disoxylon loureiri) Meliaceae Morea preous (?)
Cassia siamensis Caes. Legum. Angkanh
Strvchnos Strvchnaceae Sleng
Lagerstroemia Lvthraceae Sralao
Hibiscus macrophyllum* Malvaceae Trachiek damrey
Horsfieldia glabra * Mynslicaceae 7
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Pterocarpus pedatus Pap. Legum.































Generally, the young secondary forests are of pole size with varying dominants. For 
example: (observed by Khoy Sankham in 1942 on a plateau in South O Chralang 
between Chiop and Prey Chias, dense forest in the Srepok Reserve, subject to Lao 





2) (stems 5-6 m.)
[Dipterocarpus intricatus Dipterocarpaceae Traich
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Shorea talura Dipterocarpaceae Popel
Cratoxylum Guttiferae Longieng
Eugenia Mvrtaceae Pring




Dipterocarpus intricatus Dipterocarpaceae Traich
Hopea recopei Dipterocarpaceae Popel
I lope a spp. Dipterocarpaceae Koki
4)












Dipterocarpus intricatus Dipterocarpaceae Traich
Sindora cochinchinensis Caes. Legum. Krakas
Cratoxylum Guttiferae Longieng
A lbina Mim. Legum. Krai kraham
latica Dipterocarpaceae Chramas
Lagerstroemia Lythraceae Sralao
From these examples it can seen that all the secondary forests have a common 
fund of heliophilic species being mixed and dominating in a highly variable manner. It is 
interesting to note in the accounts of secondary forests at the pole stage that certain taxa 
are aften well represented in the small diameters:
Dongchaem (Heritiera javanica)
Phdiek Bosneak (Mesua ferrea)
Chramas * Pring
Whereas others, namely chhoeuteal, koki, krakas, popel, chambak, chorchong {Shorea 
vulgaris) show no small diameter individuals. They would be tolerant at a young age and
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when the poles have not yet attained 40 cm. in diameter, but in old forests there are no 
more saplings).




I atica Dipterocarpaceae Chramas
Melaleuca Mvrtaceae Smaich
Eugenia Myrtaccac Pring
Parinari annarnense Chrvsobalanaceac Thlok
Cratoxvlum Guttiferae Longieng
Irvingia Irvingiaceac Chambak
Sindora cochinchinensis Caes. Legum. Krakas
Shorea talura Dipterocarpaceae Chorchong
? Tukandong?
Nephelium hypokucum. Sapindaceae Semoan
Pterocarpus pedatus Pap. Legum. Thnong
Grewia tomentosa Tiliaceae Pophlea
Albizzia Mim. Legum. Krai
Vitex sp. Verbenaceac Popoui thma
Diospyros hermaphroditica Ebenaceae Chhoeu ploeung
? Chang koug pa?
Carallia Rhizophoraceae Trameng
Curcuma longa Zingiberaccac Romict
? Thong eng?
Svzygium Mvrtaceae Ach kandol
Terminalia nigrovenulosa Combretaceae Preas phneou
Dehaasia cuneata Lauraceae Atith
Dillenia? Dilleniaceae Phlou sampoch?
7 Anacardiaceac? Svay svak?
? Chanda
Pavena elliptica Sapotaceae Srakom
Memecvlon edule Melastomataceac Phlong
Peltophorum ferrugineum Caes. Legum. Trasek
Calophyllum sp. Guttiferae Phaong
In abandoned rice paddies, which are long in recolonizing, one often sees
Mitragyna (Stephegyne) Rubiaceae Khtum
Combretum quadrangulare Combretaceae Sangkhe
Cratoxylum (common) Guttiferae Longieng
Colona (Columbia auriculata) Tiliaceae Preal
Miliusa Annonaceae Smakrahey
Lagerstroemia Lythraceae Sralao
Grewia elatostomoides Tiliaceae Pophlea preas
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Butea frondosa Pap. Legum. Cha
Antidesma ghaesembilla Euphorbiaceae Dang kiep kdam
Adina sessilifolia Rubiaceae Roleay
Zizyphus cambodiana Rhamnaceae Ang krong
Vegetation recovering following clearing of forest depends somewhat on soils. For 
example, the following species are very widespread everywhere:
Phoebe cuneata Lauraceae ?
Trema veiutina Ulmaceae Sraul
lacera (?) ? Teprey
Mallotus cochinchinensis Euphorbiaccae Tompoung
Diospyros Ebenaceae Angkot khmau
Zizyphus cambodiana Rhamnaceae Ang krong
Cratoxylum ermosum, C. prunifolium Guttiferae Longieng, L. ach kon
Oroxvlon indicum Bignoniaceae Pika
Grewia paniculata Tiliaceae Pophlea
Columbia auriculata Tiliaceae Preal chaulus
Rhodamnia trinenha Myrtaceae Puoch uol
Melastoma polyanthum Melastomataccae Puoch thorn
Combretum quadrangulare Combretaceae Sangkhe
Peltophorum dasyrachis Caes. Legum. Traseik
Licuala sp. Paimae Ph'ao
Ancistrocladus Ancistrocladaccac Kanma
Diospyros filipendula Ebenaceae ?
Connarus cochinchinensis Connaraceae ?
Lepisanthes (Erioglossum edule) Sapindaceac ?
But on basaltic terre rouge, one often fine s the following species:
(bamboo, clumped, spiney. large diam.) Gramineae Russey prey
(bamboo, isolate, small diam. long intemodes)) Gramineae Russey thnga
Musa svlvestris Musaceae Cheik prey
Hibiscus macrophyllus Malvaceae Trachiek prey












Derris polyphylla Pap. Legum.
Ouisqualis indica Combretaceae
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Brucea javanica Simaroubaceae
Suregada (Gelonium glomerulatum) Euphorbiaceae
Adenanthera javanica (common) Mim. Legum.




Finally, there exists a group of dry secondary forests which are intermediate between dry 
forests and secondary evergreen forests. They are partially or completely deciduous, and 
the canopy is closed. One finds some species from dense forests, semi-dense forests and
Combretum quadrangulare Combretaceae
Careva sphaerica Lecythidaceae








Oxvtenanthera Gramineae Russey khley
Intermediate forests, between dense and semi-dense forests.
This type contains many species of the semi-dense forest, but the understory is 
leafy, without bamboo, and in the emergent layer one finds numerous dense forest 
evergreen trees, especially: Dipterocarpus dyeri, D. alatus, D. intricatus, Shorea 
vulgaris, Anisoptera cochinchinensis, Dehaasia cuneata.
Example, between Krek and Mimot, on basalt outcrop, but soils less well-drained 
than terre rouges:



















Peltophorum dasyrachis Caes. Legum.
Diospyros bejaudii, D.dodecandra Ebenaceae
D. horsjieldii, D. niiida Ebenaceae












Semi-dense forests are also called transition forests and mixed forests. Their 
equivalents in Thailand, Burma and India are the mixed deciduous forests, which can be 
dry or moist depending on the understory. In Burma and Thailand, they are dominated 
almost constantly by Tectona grandis (teak), but that species is absent from Cambodia. 
The assemblage of associates is remarkably constant.
These forests can occur on a range of soils: schistose, basaltic, alluvial. There is a 
preference for rocky basaltic brown earths, often on slopes (the summits of such settings 
are almost always sites of basalt red earths occupied by dense forest.
Lagerstroemia angustifolia (most dominant) Lythraceae
L. macrocarpa, L. jloribunda Lythraceae
L. duperreana, L. thorelii Lythraceae
Xylia xylocarpa Mim. Legum.
Sindora cochinchinensis Caes. Legum
Ht ex pubescens Verbena ceae
Anogeissus vulgaris Combretaceae






R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Dillenia pentagyna Dilleniaccae
Diospyros spp. Ebenaceae
Ceiba pentandra (Bombax ceiba?) Bombacaceae
Canarium subulatum Burseraceae
Grewia paniculata Tiliaceae
Pterocarpus pedatus Pap. Legum.
Schleichera oleosa Sapindaceae








Terminalia tomentosa, T. bialata Combretaceae
Dalbergia nigrescens Pap. Legum.
Ceiba pentandra (Bombax ceiba?) Bombacaeae
Strvchnos Strychnaceac
Buchanania reticulata, B. latifolia Anacardiaceae
Dillenia pentagyna Dilleniaccae
Albizzia procera Mim. Legum.
Schleichera oleosa Sapindaceac
Xylia xvlocarpa Mim. Legum.
Eugenia spp. Myrtaccae
Bauhinia spp. Caes. Legum.













(bamboo) Gramineae Russey roleak
Arundinaria falcata Gramineae Russey prech
Combretum quadrangulare Combretaceae
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Millettia ervthrocaiix Pap. Legum.
Adina sessilifolia, .4. cordifolia Rubiaceae
Shorea obtusa Dipterocarpaceae
Peltophorum ferrugineum Caes. Legum.
Gardenia angkorensis Rubiaceae
In this formation with the appearance of dry forest degraded by cutting for construction 
and fiielwood, one finds on the rocky basaltic brown earths all the species of the semi- 
dense forest, but without clear dominance.
A variation is found, on a red sandstone, with very few Lagerstroemia, and with an 
understory of the bamboo Oxytenanthera, or Russey khley.
(A final variation is reported, with only one additional species listed, Premna latifolia.)
Intermediate forests, between semi-dense and mixed dry forests
Important species include Xylia xylocarpa, Terminalia tomentosa. Some forms 
have Oxytenanthera bamboo in place of a small tree understory. Drier forms include 
more Shorea obtusa, S. tcilura, and Dipterocarpus intricatus, and can have a continuous 
ground layer of Anmdinaria, the dwarf (or grass) bamboo.
Dry forests (Forets claires melangees)
In general, Dry forests live in a climate with a pronounced 3-5 month dry season, with 
annual precipitation between 1000 and 2000 mm per year. They are almost completely 
contained in the lowlands, rarely ascending above 500 m elevation. The only exception is 
the relatively most plastic species Dipterocarpus obtusifolius, which can occur up to 
1200 m elevation, mixing with Pirns merkusii and the Fagaceae.
Four broad types are distiguished:
1) Shorea siamensis (Khmer, reang phnom), pure or almost pure stands, mostly on 
basalts, and with negligible understory and ground layer.
2) Dipterocarpus obtusifolius (Khmer, tbeng), pure or mixed with other dry forest 
species, usually on sandy soils, with a sparse understory and almost continuous grassy 
ground layer.
3) Dipterocarpus intricams (Khmer, traich) clearly dominant, also on sands and often 
with a steppe-like herbaceous cover.
4) Mixed dry forests on varied kinds of shallow lateritic soils, with or without an 
understory, with a diverse graminaceous layer or with a 1-1.5 m high ground layer 
dominated by the dwarf bamboo Arumiinaria.
The average composition of mixed dry forests is.
Co-dominants: ____________________________
Dipterocarpus tuberculatus Dipterocarpaceae Klong
Shorea obtusa Dipterocarpaceae Pchek (reang)
Terminalia tomentosa Combretaccae Chhlik
Species scattered, but fairly constant:
Cratoxylum formosum Guttiferae Longieng
Terminalia mucronata Combretaccae
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Phvllanthus emblica Euphorbiaceae Kontuol prey
A large number of species (over 200) occur in these forests, including:
Memecylon edule Melastomataceae
Parinari annamense Chrysobalanaceae Thlok
Eugenia spp Myrtaceae Pring
Irvingia malayana Irvingiaceae Chambak
Dalbergia nigrescens Pap. Legum. Snuoi
Mangi/era indica Anacardiaccae Svay prey
Aporusa sp. Euphorbiaceae
Gardenia ervthroclada Rubiaceae
Morinda spp Rubiaceae Nho
Artocarpus semper Moraccac Tnaot
Alhizzia lebbek Mim. Legum.
Sindora cochinchinensis Caes. Legum. Krawkas
Spondias spp. Anacardiaccae
Dillenia pentagyna Dillcniacae
The palm Corypha lecomtei occurs in scrub subject to fires, in the southern parts. 
Cycas siamensis and Phoenix hnmilis occur here and there, Cycas not abundant except 
on gravels with Shorea siamensis.
Not all dry forests are regressive. Some are transitional to dense forests, with a 
varied understory and some young stems of dense forest species. An example comes 






















Xvlia xylocarpa Mim. Legum.
Diospyros helferi Ebenaceae





In places, there are Russey khley bamboo Oxytenanthera sp.), some rattans, and 
seedlings of Anisoptera.
Mid-elevation dense forests (600-1000 m)
There are two areas in eastern Cambodia where the elevation surpasses 500 
meters, on the Haut Chhlong plateau of Mondulkiri (French, Trois Frontieres (named for 
intersection of Annam, Cochinchina and Cambodia?)), and in the Virachey highlands of 
the northeast. Many of the lowland dominant species do not occur above 500 meters, 
including the large evergreen Dipterocarpus spp., Shorea, and Anisoptera. 
Lagerstroemia occurs up to 700 m, but is not abundant there.
On the contrary, the Fagaceae, of which certain speceis are present in the dense 
and secondary lowland forests, occur everywhere in the highlands. The general character 
of these forests is evergreen, although some species, e.g. Spondias, Ceiba, lose their 
leaves. Bamboo is rare except in local basins. Epiphytes close a more uniiform upper 
layer. There are fewer layers.
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IVendlandia Rubiaceae
Melastoma Melastomataceae
Pinus merkitsii occurs in eastern Cambodia only in planted patches near Camp Le 
Rolland (Dak Dam) in Mondulkiri, although it is abundant in some places in the central 
highlands of Vietnam.
REFERENCES, Appendix A
Mabberley, D.J. 1997. The Plant Book, second edition. Cambridge; University Press.
Martin, M. 1971. Introduction a I'Ethnobotanique chi Cam bodge. Paris; CNRS.
Rollet, B. 1962. Inventaire Forestier de FEst Mekong. Rome; UN/FAO.
Willis, J.C. 1966. A Dictionary o f the Flowering Plants and Ferns. Seventh edition. 
Cambridge; University Press.
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APPENDIX B: POLLEN REFERENCE MATERIAL
Under SOURCE, F indicates that the material was collected in the field, H indicates 
material collected from an herbarium, as follows: USNH, United States National 
Herbarium, Washington, DC; MBG, Missouri Botanical Garden, St. Louis, Missouri; 
CMU, Chiang Mai University, Faculty of Biology, Chiang Mai, Thailand; CMU Ph, 
Chiang Mai University, School of Pharmacy; BH, Bailey Hortorium, Cornell University, 
Ithaca, New York; Material was also provided by Prof. Bernard K. Maloney, 
Palaeoecology Centre, Queens University, Belfast, Northern Ireland.
FAMILY SUB GENUS SPECIES ORIGIN SOURCE HERB.#
Amaranthaceae Amaranthus? sp. Cambodia F
Anacardiaccae Anacardium occidcntalc Cambodia F
Anacardiaccae Dracontomclum duperreanum Vietnam H USNH 1577706
Anacardiaccae Mangifcra indica Burma H USNH 2090854
Anacardiaccae Melanorrhca usitata Thailand H USNH 2513049
Annonaceae Dasymaschalon oblongatum Philippines H MBG 756876
Annonaceae Dasymaschalon macrocalyx Vietnam H USNH 1715954
Annonaceae Dasymaschalon oblongatum Luzon. Phil. H MBG 756876
Annonaceae Polyalthia cerasoidcs Cambodia H USNH 1715916
Apocynaceae Holarrhcna pubcscens Thailand H CMU Ph 5263
Araccae Arisaema heterophyllum Jiangsu. China H USNH 7
Araceae Colocasia csculenta Mysore. India H USNH 2759150
Burmanniaccae Burmannia disticha Sarawak H MBG 4024479
Cephalotaxaceae Cephalotaxus harringtonia Japan H USNH 1994820
Chrvsobalanaccae Parinari sp. Sarawak H MBG 2369344
Combretaccae Anogcissus acuminata Burma H USNH I 171472
Combretaccae Combrctum quadrangularc Thailand H USNH 2450933
Combretaceae Quisquaiis indica Cambodia F
Combretaceae Terminalia tomentosa India H MBG
Combretaceae Terminalia chebula Cambodia H USNH 2125951
Compositae Eupatorium odoratum Cambodia F
Connaraceac Connarus semidecandrus Thailand H CMU Ph 1157
Cycadaceae Cycas revoluta Okinawa H USNH fruit 981
Cyperaceae Cyperus sp. Cambodia F
Datiscaceac Tetrameles nudifiora Thailand HMBG 4033257
Dicksoniaceae Cibotium sp. Cambodia F
Dioscoreaceae Dioscorea alata Vietnam H USNH 2494094
Dipterocarpaceae Hopea odorata Vietnam H USNH 2498055
Dipterocarpaceae Anisoptera thurifera Philippines HMBG 860816
Dipterocarpaceae Dipterocarpus alatus Thailand HMBG 3945580
Dipterocarpaceae Dipterocarpus intricatus Vietnam HMBG 1284490
Dipterocarpaceae Dipterocarpus obtusifolius Thailand HMBG 3945587
Dipterocarpaceae Dipterocarpus tuberculatus Thailand HMBG 4298145
Dipterocarpaceae Dipterocarpus obtusifolius Thailand H USNH 2513050
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APPENDIX B (cont.)
Dipterocarpaceae Hopea ferrea Thailand HMBG 3945585
Dipterocarpaceae Hopea pierrei Philippines HMBG 2201441
Dipterocarpaceae Pentacme siamensis Phu Quoc Is. HMBG 1277508
Dipterocarpaceae Shorea cochinchinensis Vietnam HMBG 1284485
Dipterocarpaceae Shorea obtusa Thailand HMBG 4027948
Dipterocarpaceae Vatica cinerea Thailand HMBG 3945591
Dipterocarpaceae Vatica astrotricha Cambodia H USNH 2494451
Ebenaceae Diospyros nitida Philippines HMBG 836477
Ebenaceae Diospyros hermaphroditica Thailand H USNH 1700511
Ebenaceae Diospyros bejaudii Thailand H CMU 3172
Elaeocarpaccae Elaeocarpus floribundus Thailand H CMU 2853
Elaeocarpaceae Elaeocarpus prunifolius Thailand H CMU 1019
Elaeocarpaccae Elaeocarpus petiolatus Thailand H CMU 1376
Euphorbiaceae Aporusa sphaerosperma Vietnam H USNH 1505192
Euphorbiaceae Codiaeum? sp. H USNH 2912391
Euphorbiaceae Hevea brasiliensis Cambodia F
Euphorbiaceae Homonoia riparia India HMBG 2333929
Euphorbiaceae Macaranga trichocarpa Vietnam H USNH 1378975
Euphorbiaceae Mallotus annamiticus Vietnam H USNH 1379045
Euphorbiaceae Mallotus albicans Vietnam H USNH 1372985
Euphorbiaceae Phyllanihus emblica Thailand HMBG 4308306
Fagaceae Castanopsis indica Thailand H CMU Ph 2549
Fagaceae Lithocarpus sp. Thailand H CMU Ph 9659
Flacourtiaceae Hydnocarpus castanea Thailand HMBG 3945502
Flacourtiaceae Hydnocarpus anthelmintica Thailand H USNH 1212927
Gramineae Coix lacryma-jobi Sumatra H USNH 2182083
Gramineae Imperata cvlindrica Mindoro. Phil. H USNH 2241619
Guttiferae Calophyllum saigonense Thailand HMBG 3946126
Guttifcrae Crato.xylum cochinchinense Thailand HMBG 4046717
Guttiferae Mesua ferrea Malaysia HMBG 2047871
Lauraceae Litsea vang Thailand H USNH 1700830
Lauraceae Litsea verticillata Hainan Is. HMBG 4022793
Lauraceae Phoebe cuneata Vietnam H USNH 2494018
Lecythidaceae Barringtonia acutanguia Thailand HMBG 1035533
Lecythidaceae Careya sphaerica Thailand HMBG 4046711
Leguminosae Caes. Afzelia bomeensis Sabah HMBG 2793978
Leguminosae Caes. Dialium cochinchinense Vietnam HMBG 1216809
Leguminosae Caes. Peltophorum dasyrachis Thailand HMBG 4024733
Leguminosae Caes. Peltophorum ferrugineiun Singapore HBH
Leguminosae Caes. Sindora cochinchinensis Java HBH c 11004
Leguminosae Caes. Sindora supa Philippines HMBG 1844544
Leguminosae Mim. Adenanthera pavonina Vietnam HMBG 2106694
Leguminosae Mim. Albizia lebbeck Taiwan HMBG 3692088
Leguminosae Mim. Mimosa pudica Cambodia F
Leguminosae Mim. Xylia dolabriformis Burma HMBG 1284629
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Leguminosae Mim. Xylia dolabriformis Burma HMBG 1284629
Leguminosae Pap. Dalbergia cochinchinensis Cuba HBH
Leguminosae Pap. Dalbergia lanceolaris Thailand HMBG 4039618
Leguminosae Pap. Ervthrina suberosa Thailand HMBG 3946419
Leguminosae Pap. Pterocarpus indica Philippines HMBG 865977
Lythraceae Lagerstroemia flos-regina 7 HMBG 3189785
Lythraceae Lagerstroemia loudonii Thailand HMBG 4046719
Lythraceae Lagerstroemia angustifolia Vietnam H USNH 1505034
Melastomataceae Melastoma normale Thailand HMBG 4027941
Melastomataceae Memecylon edule Sarawak HMBG 2727955
Meliaceae Toona ciliata India HMBG 2334162
Moraceae Antiaris toxicaria Papua N.G. H USNH 2484744
Moraceae Artocarpus lanceolata Thailand H CMU Ph 7953
Myrsinaceae Ardisia crispa Thailand H CMU 1850
Myrsinaceae Maesa ramentacea Thailand H CMU 2323
Myrtaceae Eugenia zeylanica Vietnam HMBG 955426
Myrtaceae Rhodomyrtus tomentosa Thailand HMBG 4029070
Myrtaceae Syzygium zeylanicum India HMBG 2324644
Ochnaceae Ochna integerrima Thailand H CMU Ph 3283
Palmae Calamus palustris Bogor HBH c 30843
Palmae Phoenix acaulis Nepal H USNH ?
Palmae Phoenix humilis Mysore. India H USNH 2651342
Pinaceae Keteleeria davidiana Hubei. China H USNH 599071
Pinaceae Pinus mcrkusii Thailand H USNH 2036221
Piperaceae Piper umbellatum Sri Lanka H USNH 2808650
Podocarpaccac Dacrydium beccarii Malaysia H USNH 2776596
Podocarpaccae Dacrydium pierrei Phu Quoc Is. HMBG 1276280
Podocarpaccac Podocarpus annamiensis Vietnam H USNH 2515889
Rcstionaceae Leptocarpus sp. West. Aust. HMBG 3805099
Rhamnaceae Zizyphus rugosa Thailand H USNH 2036217
Rubiaceae Adina cordifolia Sri Lanka H USNH 2612205
Rubiaceae Oldenlandia intereeupta Hainan Is. HMBG 3753620
Rubiaceae Randia tetrasperma Punjab HMBG 1213918
Rutaceae Clause na excavata Cambodia F
Rutaceae Euodia triphylla Thailand H CMU Ph 52%
Sapindaceae Pometia pinnata Thailand HCMUPh 1471
Sapotaceae Payena acuminata Sabah HMBG 957907
Simaroubaceae Irvingia malayana Thailand HMBG 3945247
Sterculiaceae Heritiera javanica Mind.. Phil. H USNH 706335
Sterculiaceae Sterculia foetida Sri Lanka HMBG 2230253
Strychnaceae (Logan.) Strychnos nux-vomica Thailand H CMU 4592
Theaceae Archytaea vahlii Singapore HMBG 2401801
Theaceae Eurva japonica Japan HMBG 3026321
Tiliaceae Grewia tomentosa Cambodia F
Ulmaceae Holoptelea integrifolia Burma HUSNH 1716400
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Ulmaceae Trema velutina Vietnam H USNH 1759223
Verbenaceae Gmelina arborea Thailand H CMU 4251
Verbenaceae Premna latifolia Thailand H CMU Ph 4774
Verbenaceae Vitex pierrei Thailand H USNH 1700656
Xvridaceac Xvris sp. Thailand HMBG 2384919
from B.K. 
Maloney:
Actinidiaceae Saurauia bracteosa Maloney Javal31
Aquifoliaceae Ilex triflora Maloney BKM133
Burseraceae Canarium subulatum Maloney BKF226
Caprifoliaceae Viburnum coriaceum Maloney BKM94
Celastraccac Celastrus monospermoidcs Maloney 16
Convolvulaceae Ipomaca sp. Maloney
Cyathcaceae Cvathea squamulata Maloney BM84
Dilleniaceac Dillenia sp. Maloncv 10
Elaeocarpaccae Elaeocarpus grandiflorus Maloney BKF184
Elaeocarpaccae Slonea tomentosa Maloney BKF176
Euphorbiaceae Acalypha chirindica Maloncv 296
Euphorbiaceae Acalypha omata Maloney 125
Euphorbiaceae Aporusa villosa Maloney
Euphorbiaceae Baccaurca motley ana Maloney 106
Euphorbiaceae Glochidion sp. Maloney BKM153?
Euphorbiaceae Macaranga mcllifera Maloney 126
Fagaceae Castanopsis nephelioides Maloney BKF164
Fagaceae Lithocarpus elegans Maloncv BKF145
Fagaceae Quercus kerrii Maloney BKF193
Gramineae Arundinella setosa Maloney BKM134
Gramineae Oryza sativa Maloney
Juglandaceae Englehardtia serrata var.parviflora Maloney BM20
Juglandaceae Englehardtia spicata var. accrifolia Maloney BM22
Leguminosae Caes. Bauhinia blakeana Maloney
Leguminosae Caes. Bauhinia purpurea Maloney 34
Leguminosae Caes. Caesalpinia pulcherrima Maloney 6
Leguminosae Caes. Cassia cf. siamea Maloney M4#57
Leguminosae Caes. Crudia chrysantha Maloney JFM 73-56
Leguminosae Pap. Crotalaria chinensis Maloney BKM85
Leguminosae Pap. Desmodium triflorum Maloney BKM60
Leguminosae Pap. Indigofera tinctoria Maloney BM74
Loganiaceae Fagraea elliptica Maloney BKM91
Musaceae Musa sp. Maloney
Myrsinaceae Ardisia crispa Maloney
Myrsinaceae Ardisia zolleringi Maloney BKM237
Myrtaceae Psidium guajava Maloney Java 110
Palmae Areca triandra Maloney 99
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Palmae Arenga pinnata Maloney BKF117
Palmae Caryota cumingii Maloney 112
Palmae Salacca wallichiana Maloney BKF253
Pinaceae Pinus merkusii Maloney BKF54
Rosaceac Rubus chiysophyllus Maloney BKM121
Rubiaceae Coffea bengalensis Maloney 60
Rubiaceae Gardenia brachythamnus Maloney 274
Rubiaceae Lasianthus variocarpus Maloney 51
Rubiaceae Morinda bracteata var. latifolia Maloney 28
Rubiaceae Psychotria lineolata Maloney BKF11
Sabiaceae Meliosma nitida Maloney BKM351
Sterculiaceae Sterculia coccinea Maloney 88
Taxodiaceae Cunninghamia sinensis Maloney BKF53
Theaceae Schima wallichii ssp. bacara Malonev 95
Thelypteridaceae Cvclosorus interruptus Maloney
Ulmaceae Holoptelea integrifolia Maloney BKF48
Ulmaceae Trema orientalis Maloney 135
Urticaceae Laportea peduncularis Maloney
Verbenaceae Callicarpa rubella Malonev BKF75
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APPENDIX C: POLLEN NOTES
All sediment samples for core BYK2 were processed using the standard technique 
(Faegri & Iversen 1975), except that sediments were treated with HF as a first step. 
Reference samples were washed in hot KOH, coarse-sieved, and acetylated. Following 
dehydration, samples of both sediment and reference material were mounted in 500 cs or 
1000 cs silicone oil.
Format of entries: 1) Pollen type, Family; 2) Number and type of apertures 
(C=colpi, P=pores); 3) Shape - equatorial view, polar view; 4) Surface pattern; 5) 
Dimensions - polar x equatorial, in pm; 6) Aperture characteristics; 7) Published 
references; 8) Author’s reference sample information, herbarium specimen number, 
location of origin; 9) Ecological grouping; 10) Comments.
Description terminology is based on Faegri and Iversen (1975), with simple 
modifications. Measurements are given for the polar dimension (longitudinal) first, 
followed by the equatorial dimension (lateral). The degree of confidence in the 
identification of a pollen type is indicated by terminology outlined by Benninghoff and 
Kapp (1962), where “sim.” indicates unsure identification but the pollen resembles a 
known type; “comp.” indicates more confidence about the identification; and the lack of 
qualifying terms indicates that identification is reasonably certain.
Herbaria referred to as sources for reference samples are as follows: MBG - 
Missouri Botanical Garden; USNH - United States National Herbarium; CMU - Chiang 
Mai University, Biology Dept., CMUPh - Chiang Mai University, School of Pharmacy; 
BH - Bailey Hortorium, Cornell University. Samples referred to as “ff. Maloney,” 
followed by his reference number, were received from the personal collection of Dr. B.K. 
Maloney, Palaeoecology Centre, Queens University, Belfast.
Tetrameles comp., Datiscaceae; C3PO(3); spherical, sub-circular - semiangular; psilate;
9-13x9-12; inconspicuous pores, only apparent in equatorial cross-section; 
Academia Sinica 1982 p. 115, pi. 63:5-8; Tetrameles nudiflora ff. MBG #4033257, 
Thailand; Semi-evergreen forest (Schmid 1974, p. 67); Tetrameles is the most 
abundant pollen type in the sediments. Although it is difficult to distinguish detailed 
characteristics because of its small size, it is distinguished from all Elaeocarpus 
types by the lack of definition in the pores, the less ornate profile of the endexine, 
and less circular polar view.
Myrtaceae < 14 pm, or Eugenia type; C3P3, syncolpate; oblate-peroblate, subangular; 
psilate-granular; 5-10 x 11-15; inconspicuous pores, polar triangle ca. 5 pm across; 
Academia Sinica 1982 p. 240, pi. 109; Eugenia zeylatnca ff. MBG #955426, 
Vietnam, Syzygium zeylanicum ff. MBG #2324644, India; Myrtaceae (Semi­
evergreen forest, Dry deciduous forest, Riparian); Very diverse in the tropics, with 
several species ffom each forest type in the study area. This taxon is sometimes 
taken as an indicator of swamp vegetation (Morley 1982).
Gramineae < 33 pm; C0P1; spherical; psilate-granular, 14-33 in diameter; distinct 
circular pore with distinct annulus; Huang 1972; Imperata cylindrica ff. USNH
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#2241619, Philippines; Gramineae (Secondary/ disturbance, Dry deciduous forest); 
The size limitation is based on a review of rice and other grass pollen from Sumatra 
(Maloney 1990), so that grains in this class should be too small to come from 
cultivated rice.
Combretaceae/Melastomataceae < 15 pm (polar diameter); C6P3; barrel-shaped 
(subprolate), (hexi-) semilobate; psilate; 9-14x7-13; small, usu. circular, not 
annulate; Academia Sinica 1982 pp. 97 and 203, pis. 96-97; Memecylon edule ff. 
MBG #2727955, Sarawak, Anogeissus acuminata ff. USNH #1171472, Burma; 
Secondary scrub/disturbance (Riparian, semi-evergreen forest); The size criterion is 
an attempt to distinguish this type from Terminalia which has larger pollen and is a 
forest tree, especially frequent in dry deciduous forest. There is a possibility that 
some of the grains in this type come from Anogeissus acuminata, a semi-evergreen 
forest tree, which occurs as a significant pollen type in some diagrams from central 
India (Chauhan 1995). The lumping of these two families follows a study by Hansen 
(1990) for Central America, although for northeast Cambodia the only possibilities 
in this size category may be Anogeissus (Combretaceae) and a few 
Melastomataceae, including Memecylon, common along streams and in disturbed 
patches.
Adina comp., Rubiaceae; C3P3; spherical, subcircular; granular; 11-13x11-13; pores 
circular, 1-1.5 pm, annulate, colpi long, parallel, small polar area; Academia Sinica 
1982 p. 305, pi. 145; Adina cordifolia ff. USNH #2612205, Sri Lanka; Semi­
evergreen forest (but also common on edges with dry deciduous forest).
Trema, Ulmaceae; C0P2, occasionally C0P3, spherical-suboblate, spherical-elliptic; 
scabrate-verrucate; 12-15 x 12-17; pores circular 1-1.5 pm, distinctly annulate; 
Academia Sinica 1982 p. 382, pi. 182; Trema velutina fr. USNH #1759223, 
Vietnam; Secondary/disturbance; Very common in pioneer component following 
vegetation disturbance.
Lagerstroemia, Lythraceae; C3P3; spherical-diamond, hexagonal, ornate polar view is 
diagnostic at least for the genus, if not family; granular-scabrate; 38-43 x 28-38; 
pore distinct, circular, clean, colpi long w/ parallel margos; Academia Sinica 1982 
p. 196 pi. 91; L. flos-regina fr. MBG #3189785, L. loudonii fr. MBG #4046719, 
Thailand; Semi-evergreen forest; Lagerstroemia is very important in the monsoon 
forest on the Indochina Peninsula, extending to India.
Moraceae/Urticaceae small P2; C0P2; spherical, circular; granular; 7-11 x 7-11; pores 
small, 0.5-1 pm, indistinct, circular, non-annulate; Academia Sinica 1982 pp. 223, 
383, pis. 106-107, 183; Laportea peduncularis fr. Maloney. Semi-evergreen forest; 
Some of these grains may be from Ficus spp. but cannot be positively distinguished 
from other genera in these families.
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Ficus, Moraceae; C0P2: oblate-peroblate, elliptical; psilate; 5-10x7-13; pores small, 
0.5-1 pm, indistinct, circular, non-annulate; Academia Sinica 1982 p. 223, pi. 107; 
no reference samples; Semi-evergreen forest; These grains are distinguished by 
characteristic cigar shape. Some Ficus grains are triangular C0P3, but none were 
encountered in this study in the small size range typical for the genus.
Hopea comp., Dipterocarpaceae; C3P0; spheroidal-suboblate, circular;
microreticulate-microrugulate; 15-22 x 20-25; colpi long and narrow, small polar 
area, but not split wide (like Acer) like some other dipterocarp pollen; Academia 
Sinica 1982 p. 122, pi. 66, Tissot et al. 1994 p.26, pis. 18,20; H. ferrea ff. MBG 
#39455885, Thailand, H. pierrei ff. MBG #2201441, Philippines. Semi-evergreen 
forest; This pollen type is more abundant in the sediments than other dipterocarps 
which may be more important in the local vegetation. Identification is not certain, as 
some Verbenaceae (e.g. Premna) are similar.
Cyperaceae; C0P0(3-4); subtriangular, subsquare; (granular)-scabrate; 10-25 x 15-35; 
occasionally one indistinct distal furrow, but diagnostic characters are shape and the 
occurrence of three circular-elliptical lateral furrows (“poroids”); Cypenis spp. in 
Huang 1972, p. 255-266, pi. 169; Cypenis sp ? ff. field collection;
Wetland/riparian.
Elaeocarpus, Elaeocarpaceae; C3P3; spheroidal, circular; psilate; 6-10x6-10; pores 
very small, < 1 pm, colpi endexines fairly distinct in profile, often bow-shaped; 
Academia Sinica 1982 p. 124 pi. 67, Tissot et al. 1994 p. 27, pi. 24; E. floribundus 
fr. CMU #2853, Thailand, E. petiolatiis fr. CMU #1376, Thailand, E. prunifolius 
fr. CMU #1019, Thailand; Wetland/riparian; Although this is a diverse genus 
throughout the region, occurring in diverse habitats, Schmid (1974) observes that it 
dominates in swamp forests of the central highlands of Vietnam. Trees with stilt 
roots of the Elaeocarpus type were observed on the margins of Yeak Kara Lake.
Combretaceae/Melastomataceae > 15 pm (polar diam.); C6P3; barrel-shaped
(subprolate), (hexi-) semilobate, polar view is diagnostic; psilate-granular; 15-20 x 
13-20; circular-irregular, 1.5-2 pm, not annulate; Academia Sinica 1982 pp. 97 and 
203, pis. 53-54 and 96-97; Terminalia tomentosa ff. MBG #?, India, T. chebula ff. 
USNH #2125951, Cambodia, Melastoma normale fr. MBG #4027941, Thailand; 
Dry deciduous forest; Although this pollen type could represent semi-evergreen 
forest (T. chebula) or wetland (Melastoma), Dry deciduous forest is the vegetation 
type in which any of these taxa (/'. tomentosa) is most important.
Gramineae >33 pm; C0P1; spherical; psilate-granular, 33-37 in diameter; distinct 
circular pore with distinct annulus; Huang 1972; Oryza saliva fr. Maloney, Coix 
lacryma-jobi fr. USNH #2182083, Sumatra; Secondary/ disturbance; Maloney 
(1990) finds the majority of pollen grains of cultivated rice, Oryza saliva, in this size 
range. Only one Gramineae grain larger than 37 pm was found in this study, but 
Coix is much larger, approaching the size of Zea mays pollen.
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Ouercus comp., Fagaceae; C3PO(3); spheroidal-subprolate, subcircular; scabrate; 
pseudo-pore apparent only in profile, colpus endexine has distinctive kink at 
equator; Academia Sinica 1982 pp. 150-151, pi.76; Ouercus kerrii fr. Maloney 
BKF193; Highland/subtropical.
Stenochlaenapalustris, Blechnaceae; monolete; bean-shaped; bacculate; ca. 20x33 x 
25;; Zhang et al. 1990, p.294, pi. 64; no reference sample; Wetland/riparian. This 
type comes from a climbing fern commonly growing on larger riparian trees.
Unknown 6 (Zcmthoxylum, Rutaceae?); C3P3; spherical-diamond, subangular-
semiangular; reticulate; 12-17x12-17; pore is indistinct, usu. narrow transverse 
parallel (1x3  pm); - ;  no reference sample; If Zcmthoxylum, Secondary/ 
disturbance (in halliers, according to Schmid (1974, 82-84); Most of these grains 
found in the sediments are too small to match the Zcmthoxylum grains shown in 
Academia Sinica 1982, but no other taxon described comes as close in description.
Blyxa, Hydrocharitaceae; C0P0; subspheroidal-amorphous; echinate, dense and short 
echines, ca. 2-3 pm long; 28-35 diameter; Huang 1972, p.263, pi. 172; no 
reference sample; Wetland/riparian; Blyxa is a submerged aquatic, pollen is 
common-abundant in surface water of Yeak Kara Lake (pers. obs.). This pollen type 
also resembles HeruanJia sp. (Hemandiaceae) shown in Huang 1972, pi. 77, a tree 
which Dy Phon (1970) found in southwestern Cambodia, but Schmid (1974) does 
not mention for Vietnam.
Moraceae/Urticaceae type 2; C0P3?; spheroidal-subprolate, circular; psilate; 6-9 x 6- 
8; pores indistinct, very small, < 0.5 pm; - ;  no reference material; unknown; This 
grain is so small it is difficult to distinguish diagnostic characters. It is possible that 
this is a type of Ficus not yet described in the pollen reference material.
Rhamnaceae/Sapindaceae type 1; C3P3; spheroidal-diamond, subangular; psilate; 13- 
17 x 13-17; pores are small and circular, usu. indistinct, margos characteristically 
swollen at equator, most apparent in polar view; Rhamnaceae in Huang 1972, pp 
192-193, pi. 126, Sapindaceae in Academia Sinica 1982 p. 339 pis. 162-164; 
Zizyphus rugosa fr. USNH #2036217, Thailand; Secondary/ disturbance; Of the 
taxa from these families mentioned in Schmid (1974) only Zizyphus is very common 
(Schmid 1974, p. 85), associated with anthropogenic savannas. Most Sapindaceae 
pollen grains are too large to match these found in the sediments.
AJina, oblate type, Rubiaceae; C3P3; oblate, circular; granular; 9-11x11-14 ; pores 
circular, 1-1.5 pm, annulate, colpi long, parallel, small polar area; Huang 1972, 
Tissot et al. 1994; no reference samples; forest understory. This may be 
Neonauclea, a small rubiaceous understory tree.
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Unknown 2 (Gesneriaceae?); C3P0(3); spheroidal-diamond, subangular-semiangular; 
psilate; 12-14 x 12-14; large longitudinal opening at equator resembles a pore in 
profile view, but direct view and polar view show an expanded colpus, with club- 
shaped margos in polar view, thicker exine at poles; see below; no reference 
sample; unknown; Closest visual match is Huodendron biaristatum var. 
parviflorum (Styracaceae) in Academia Sinica 1982 pi. 172, but that size is slightly 
too large and Schmid (1974) does not list that genus for Vietnam. Some 
Gesneriaceae resemble this type, but photos in Academia Sinica 1982 do not allow 
positive identification.
(below, less than 1% of total)
Lithocarpus Castanopsis, Fagaceae; C3P3; perprolate, circular-lobate; granular- 
scabrate; 12-15x8-10; pores small transverse (0.5 x 2 pm), long colpi, small polar 
area; Academia Sinica 1982 p. 146-150, pis. 74-75; Castanopsis indica ff. CMUPh 
#2549, Thailand, Lithocarpus sp. from CMUPh #9659, Thailand, Lithocarpus 
elegans ff. Maloney BKJF145; Highland/ subtropical.
Sterculia comp., Sterculiaceae; C3P3; subprolate-prolate, subangular-semiangular; 
coarse reticulate; 30-36 x 25-20; pore is indistinct, transverse parallel 2.5 x 4, very 
faint in direct view, slightly clearer in profile; Academia Sinica 1982 p. 362, pi. 171; 
S. foetida ff. MBG #2230253; Wetland/ riparian ( also semi-evergreen forest); S. 
foetida reference sample has slightly more distinct pore than the type found in the 
sediments.
Engelhardtia, Juglandaceae; C0P3; subspheroidal, subcircular-semiangular; psilate; 
ca. 18-23 diameter; pores small, 1pm, not annulate, grain is characterized by 
reticular pattern of subtle surface ridges and depressions (dimples) ca 5-8 pm 
diameter, but not a real reticulum. Huang 1972, p. 125, pi. 78; E. serrata ver. 
parviflora ff. Maloney BM20, E. spicata var. acerifolia ff. Maloney BM22; 
Secondary/ disturbance.
Calamus, Palmae; C1P0 (but appears more like C1P2); shape is diagnostic, elliptical, 
with hemispherical-angular notch in each end, exine thinning near these openings; 
scabrate-verrucate; 15-25x20-30x 12-20; colpus inconspicuous; Academia 
Sinica 1982 p. 424, pi. 197; C. palustris fr. BH #c30843; Forest understory.
Pirns, cf. merkusii, Pinaceae; two-saccate; saccate, elliptical, sacs coarse reticulate, 
corpus psilate-microreticulate, distinct difference in ornamentation between cap and 
rest of corpus; polar view length to outsides of sacs, ca. 75 pm, corpus width ca. 45 
pm; - ;  Huang 1972; P. merkusii fr. USNH #2036221, Thailand; Highland/ 
subtropical.
Myrtaceae >14; C3P3, syncolpate; oblate-peroblate, semiangular; granular-scabrate; 
10-12 x 15-19; Academia Sinica 1982 p. 242-243 (Syzygium), pis. 109-110;
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Myrtaceae (Riparian/ wetland?); This pollen could belong to a swamp tree found on 
the margins of Yeak Kara Lake, the local name translating to elephant cajeput 
(Khmer, smaich domrei), cajeput being in the Myrtaceae (Melaleuca). Pollen only 
occurs in upper portions of core, in association with more abundant Elaeocarpus, 
implying that it comes from another swamp plant.
Homalium comp., Flacourtiaceae (prev. Samydaceae); C3P3; prolate, circular;
granular, 13-16 x 8-12; pores very small, circular-transverse elliptical, 0.5 x 0.5-1 
pm; Academia Sinica 1982 pp. 336-337, pi. 161; no reference sample; Wetland/ 
riparian; Although this pollen type matches description for Homalium, which should 
be common in the study area, it also is very close in appearance to a Lithocarpus 
Castanopsis type.
Palmae type 1; C1P0; subtriangular, rectangular; granular-microreticulate, with 
ornamentation more distinct away from colpus; size ca. 15 x 18x9; colpus 
distinct, narrow; for Palmae, Academia Sinica 1982 p. 418-426, pis. 196-198; no 
reference sample; Forest understory; This pollen type resembles Areca in shape, 
but is smaller and has less distinct ornamentation.
Unknown 1 (Moraceae?); C0P2; subspherical-amorphous; psilate; ca. 13-16 pm; 
pores circular, 2 pm, simple, not annulate; - ;  no reference sample; unknown; It is 
possible that this type is not even pollen, but it showed a simple wall structure and 
fairly consistent form.
Macaranga, Euphorbiaceae;; C3P3; subspheroidal-suboblate (characteristically flat on 
the poles in equat. view), circular-semiangular; (granular)-scabrate; 14-18 x 15-20; 
distinct transverse parallel furrow, ca. 2 x 4-5 pm, narrow short colpus, 5-7 x 0.5 
pm, exine distinctly thicker on margos; Punt 1962, Academia Sinica 1982 p. 136, 
pi. 71, Tissot et al. 1994 p. 29, pi. 32; M. trichocarpa fr. USNH #1378975, 
Vietnam, M  mellifera fr. Maloney 126; Secondary/ disturbance.
Unknown 15 (Dobinea, Anacardiaceae?); C3P0; spherical, circular; verrucate- 
gemmate, scabrate in colpi; ca. 18-20 pm diameter; colpi only faintly 
distinguishable; Dobinea delavayi in Academia Sinica 1982 p. 22, pi. 12; no 
reference sample; unknown; This pollen type is distinctive, but cannot be matched 
well with any reference material. The identification with Dobinea is questionable, 
based on a poor-quality photograph, and the type is unlike any other anacard.
Lithocarpus/Castanopsis sim., Fagaceae; C3P3, perprolate, circular-lobate; granular- 
scabrate; 12-15 x 8-10; pores indistinct-inconspicuous, long colpi, small polar area; 
Academia Sinica 1982 p. 146-150, pis. 74-75; Highland/ subtropical; this type 
closely resembles other L  C types, except for inconspicuous pores. Frequency of this 
type in sediments follows that of Lithocarpus Castanopsis type.
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Shorea comp., Dipterocarpaceae; C3P0; spheroidal-suboblate, circular;
microreticulate-microrugulate; 20-25 x 22-28; colpi long and narrow, small polar 
area, but not split wide (like Acer) like some other dipterocarp pollen; Tissot et al. 
1994; S. cochinchinensis fr. MBG #1284485, Vietnam, S. obtusa fr. MBG 
#4027948, Thailand, S. (Pentacme) siamensis fr. MBG #1277508, Cambodia; Dry 
deciduous forest (Semi-evergreen forest, Riparian); This pollen type is very close to 
Hopea comp, but slightly larger with more distinct ornamentation.
Artocarpus comp., Moraceae; COPS; spheroidal-oblate, subcircular-semiangular; 
granular; 11-14x13-16; pores circular, 1-1.5 pm, faintly annulate; Academia 
Sinica 1982 pp. 224-225, pi. 106, A. lanceolata fr. CMUPh #7953; Semi­
evergreen forest (Secondary/ disturbance); this type is difficult to classify 
ecologically. If it were clearly only Artocarpus, it could come either from forest or 
from settlements (although sttlements are unlikely close to Yeak Kara Lake), but 
this type also resembles pollen for moraceous pioneer trees (e.g. Broussonetia spp.), 
some Urticaceae, and Antiaris toxicaria, a semi-evergreen forest tree.
Canarium comp., Burseraceae; C3P3; subprolate-prolate-diamond (commonly flat on 
the poles), subangular-semiangular (-subhexagonal); granular; 28-35 x21-26; 
transverse parallel-elliptic furrow, 0.5-2 x 3-5 pm, colpi long and narrow, ca. 25 x 
1-1.5 pm; Academia Sinica 1982 p. 67-68, pi. 40, also Mitra et al. 1977; C. 
subulatum fr. Maloney BKF226; Semi-evergreen forest.
Celtis comp. Ulmaceae; C0P3; suboblate-oblate, circular; granular; 17-25 x 19-26; pore 
ca. l-2pm, annular, not aspidate. Academia Sinica 1982 p. 381, pi. 182; no 
reference sample; Highland/ subtropical.
Polypodium comp., Polypodiaceae; Monolete; elliptical, bean-shaped; broad rugulate, 
like Ulmus, ca. 14-17 x 24-30 x 19-21; - ; Zhang et al. 1990. pp. 344-346, pi. 81; 
no reference sample; Pteridophytes (Wetland, riparian?).
prob. Monocotyledonae; COPOorClPO; subspheroidal, subcircular; psilate-granular; 
ca. 15-35 pm diameter; colpi, when present, are indistinct; - ;  no reference sample; 
Wetland./ riparian; This lumping of types is an attempt to take note of possible 
wetland types which, if counted as individual types would not contribute 
significantly to the count. Families possibly represented in this type are Araceae, 
Commelinaceae, and Liliaceae.
Arisaema sim., Araceae; C0P0; spheroidal, circular-elliptical; echinate, with dense, 
short (ca. 1.5-2 pm) echinae; 14-18 pm diam.; - ;  Academia Sinica 1982 p. 403, pi. 
190; no reference sample; Wetland/ riparian.
Monolete, smooth, Pteridophyta; monolete; elliptical, bean-shaped; psilate; size varies 
with different types, 12 x 18 x 10 - 25 x 40 x 20; variable; Huang 1981, Zhang et 
al. 1990; no reference samples; Pteridophyta (Wetland/riparian, Forest understory).
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Phyllanthus, Euphorbiaceae; C4P4; spherical, sub-circular; reticulate; 16-20 x 16-20; 
small, distinct pores, 1-1.5 pm, colpi ca 10-15 x 1 pm; Punt 1967, and Academia 
Sinica 1982 pp. 138-141, pi. 72; P. emblica (Emblica officinalis) fr. MBG 
#4308306, Thailand; Secondary/ disturbance.
Mallotus, Euphorbiaceae; C3P3; spheroidal-subspheroidal (often flat on poles), 
circular; scabrate; 18-24 x 20-25; distinct transverse parallel furrow, ca. 2 x 4-5 
pm, narrow short colpus, 7-10 x 0.5 pm, exine distinctly thicker on margos; Punt 
1962, Academia Sinica 1982 p. 137, pi. 71, Tissot et al. 1994 pp. 29-30, pis. 33-34; 
M. annamiiicus fr. USNH #1379045, Vietnam, X I .  albicans fr. USNH #1372985; 
Secondary/ disturbance.
Gt’ewia, Tiliaceae; C3P3; perprolate, circular-lobate; reticulate; 32-40x22-28;
transverse parallel-elliptical furrow, 2-3 x 8-10 pm, colpus endexine thickened near 
pore in equat. profile; Academia Sinica 1982 p. 380, pi. 181; prob. G. tomentosa 
fr. field (Khmer, komplea (poplea)), Secondary/ disturbance.
Unknown 5 (Hopea, Dipterocarpaceae?); C3P0; spheroidal, circular; granular; ca. 13- 
15 diameter; colpi narrow, 11 x 0.5, occas. splayed; - ;  no reference sample; This 
type is too small to match any of the Hopea, too smooth to be Vatica, unknown.
Gluta sim., Anacardiaceae; C3P3; prolate, subcircular-semiangular, with splayed colpi 
in polar view; psilate-granular; 13-18 x 10-14; pores transverse parallel, colpus 
endexine tapered, not thickened, near pores in equat. profile; Tissot et al. 1994 p. 
21, pi. 2; G. (Melanorrhea) usitata fr. USNH #2513049; Semi-evergreen forest; 
This type resembles Gluta in the form of the pores, overall shape of the grain and 
profile view of the colpi, but the omamention does not match Anacardiaceae in 
general, and the size is slightly too small for Anacardiaceae.
Palmae, other; CIP0; subtriangular, rectangular; various, granular-microreticulate- 
echinate; 10-15x14-20x8-12; colpi narrow, ca. 70% of length; Palmae, 
Academia Sinica 1982 418-426, pis. 196-197; no reference samples; Forest 
understory (Secondary/ disturbance, i.e. cultivated); this type groups pollen grains 
which might resemble, but not match, Areca, Arenga, or Caryota.
Unknown 16; C3P3; spheroidal, semiangular; microreticulate; 16-19 diameter;
indistinct circular pore, ca. 1 pm, reticulum thins, finer and fainter, near colpi; - ;  no 
reference sample; unknown.
Irvingia, Irvingiaceae (Simaroubaceae, Ixonanthaceae); C3P3; spheroidal, semilobate 
amb is diagnostic; psilate-granular, 16-21x16-20; pores usu. indistinct, faintly 
cross- or h-shaped, colpi fairly short, 8-10 pm long; - ;  I. malayana fr. MBG 
#3945247; Semi-evergreen forest.
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Bacccairea sim., Euphorbiaceae; C3P3; prolate, semiangular/semilobate, the polar view 
is diagnostic, peculiar to several pollen types in the Euphorbiaceae; microreticulate;
15-20 x 12-18; pores narrow transverse parallel, 0.5 x 3-4 pm; Punt 1962, 
Academia Sinica 1982 p. 131, pi. 69, Tissot et al. 1994 p. 28, pi. 26; B. motleyana 
fr. Maloney 106; Semi-evergreen forest; Although the numbers are not high for this 
type, the ecology is important, as Schmid says it is the only euphorb that does not 
typically occur in secondary formations.
Moraceae/Urticaceae, large P2; C0P2; spheroidal, circular; granular; 12-15 diameter; 
pores simple, circular, ca. 2pm diam., faintly annulate; Academia Sinica 1982 pp. 
223-226, 383-390 pis. 107, 183, no reference material; Secondary/disturbance; 
This type is generally larger than Ficus triporate types, so the ecology is probably 
different also.
Ilex, Aquifoliaceae; C3P3; subprolate-prolate, circular-lobate; bacculate-clavate, but 
with less pronounced features near colpi; 14-22 x 12-18; Academia Sinica 1982 pp. 
48-50, pi. 30; I. triflora fr. Maloney BKM133: Forest understory.
Euphorbiaceae; Various forms including Acalypha. Antidesma, Aporusa, Claoxylon, 
Excoecaria, Glochidion, described in Punt 1962, Academia Sinica 1982 pp. 126- 
136, pis. 69-73, Tissot et al. 1994 p.29, pi. 31; reference samples include Acalypha 
chirindica fr. Maloney 296, Acalypha omata fr. Maloney 125, Aporusa villosa fr. 
Maloney, Aporusa sphaerosperma fr. USNH #1505192 Glochidion sp. fr. Maloney 
BKM153; Secondary/disturbance.
Holoptelea comp., Ulmaceae; C0P4-5; suboblate-oblate, subsquare-subpentagonal; 
broad rugulate; 17-22 x 20-26; pores slightly heteropolar, longitudinal, 2 x 1 pm, 
annulus thickened toward endexine; - ;  II. integrifolia fr. Maloney BKF48; 
Highland/ subtropical.
Phoenix sim., Palmae; C1P0; subrectangular, elliptical-circular; psilate-microreticulate 
(pattern more distinct away from colpus; 13-16 x 14-17 x 11-13; colpus ca. 10-12 
pm long, narrow, but often splayed; Academia Sinica 1982 p. 422, pi. 197; P. 
acaulis P. humilis fr. USNH #2651342, Mysore; Dry deciduous forest (see Stott 
1988).
Adenanthera, Leguminosae, Mimosoideae; C0P3; grains usu. found as 16-grain 
polyads, form typical for the subfamily; grains psilate; polyads 45-60 x 28-35; 
pores annulate, more prominent than for most other mimosoids; Academia Sinica 
1982 pp. 219-220, pi. 102; A. pavonina fr. MBG #2106694, Vietnam; Semi- 
evergreen forest.
Carallia comp., Rhizophoraceae; C3P3; prolate, subangular-semiangular, psilate; 12- 
14 x 8-11, pore transverse parallel 2 x 5  pm, distinctly protruding, endexine bow-
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shaped in equat. profile; Academia Sinica 1982 303, pi. 145, Tissot et al. 1994 p.
36, pi. 55; no reference material; Semi-evergreen forests.
Ardisia comp., Mysinaceae; C3P3; spheroidal, circular; psilate-granular; 11-14x11- 
14; small circular pore, not annulate; Academia Sinica 1982 p. 233-234, pi. 108;
A. crispa ff. CMU #1850, Thailand; Forest understory.
Pandanus, Pandanaceae; COP I; subtriangular, elliptical-irregular; granular; ca. 6-9 x
10-12 x 6-8; pore is circular, ca. I pm, indistinct, located in comer on one end of 
the long axis of grain; Academia Sinica 1982 p. 427, pi. 199; no reference sample; 
Wetland/ riparian.
Dipterocarpus, Dipterocarpaceae; C3P0; spheroidal, circular-circular lobate;
microreticulate-microrugulate; 50-60 x 48-52; colpi narrow, usu. not splayed in D. 
alatus, Maury et al. 1975, Tissot et al. 1994 p. 26, pi. 17; D. alatus fr. MBG 
#3945580, Thailand, D. mtricatus fr. MBG #1284490, Vietnam, D. obtusifolius fr. 
USNH #2513050, Thailand, D. tuberculatus fr. MBG #4298145, Thailand; Semi- 
evergreen forest; Classed as semi-evergreen forest indicators because most of these 
grains are assumed to have come from the denser forests adjacent to the lake. They 
are not likely to have travelled the distance from the dry forests where D. 
tuberculatus, D. obtusifolius and D. mtricatus dominate Also, most of these grains 
found in the sediments did not show splayed colpi, which seem to be more common 
in the dry forest species.
Myrica, Myricaceae; C0P3; spheroidal, circular; granular; 14-18x17-22; pores 
circular, 1-2 pm, prominently aspidate; Academia Sinica 1982 p. 231. pi. 108; no 
reference sample; Wetland/ riparian.
Trilete, Pteridophyta; trilete; various forms; Huang 1981, Zhang et al. 1990; no 
reference samples; Pteridophyta (Wetland/ riparian?).
Monolete, rough, Pteridophyta; monolete; various forms; ornamentation ranging from 
scabrate-echinate; Huang 1981, Zhang et al. 1990.
Unknown 7; C3P0; spherical-diamond, subangular-semiangular; reticulate; 12-17 x 
12-17; narrow colpi, 10-14 x 0.5 pm; - ;  no reference sample; unknown; This type 
closely resembles Unknown 6 (Zanthoxylum?), but no pore is visible. No Rutaceae 
described in Academia Sinica 1982 are tricolpate.
Cephalanthus comp., Rubiaceae; C3P3; spheroidal, circular-semiangular; reticulate; 
18-20 x 18-20; pores prominent, circular, ca. 2pm diameter, annulate, colpi wide, 
16 x 3, with psilate margos; Academia Sinica 1982 p. 308, pi. 146; no reference 
sample; Forest understory.
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lodes sim., Icacinaceae; C0P2; spheroidal, circular-elliptical; echinate, echinae 3-5 pm 
long; 14-17 diameter; pores prominent, 2-2.5 pm, annulate; Academia Sinica 1982 
p. 182, pi. 85; no reference sample; This type may be mistakenly identified, as the 
two lodes species described in Academia Sinica 1982 are triporate. Other aspects of 
the description match this type well.
Utricidaria, Lentibulariaceae. C12-16P0; subhexagonaL, circular-subcircular; psilate; 
18-22 x 18-24; narrow colpi; Huang 1972; no reference sample; Wetland/ riparian.
Rhamnaceae/Sapindaceae, type2; C3P3; spheroidal-diamond, subangular; reticulate, 
pattern less distinct near colpi; 13-20 x 13-20; pores are small and indistinct, 
margos characteristically thickened and psilate at equator, most apparent in polar 
view; Rhamnaceae in Huang 1972, pp 192-193, pi. 126, Sapindaceae in Academia 
Sinica 1982 p. 339, pis. 162-164; no reference samples; This type differs from the 
Zizyphus comp, described above, by being slightly larger and having reticulate 
ornamentation
Anisoptera comp., Dipterocarpaceae; C3P0; spheroidal-suboblate, circular;
microreticulate; 18-25 x 20-28; colpi narrow, not splayed; (not covered in Maury 
et al. 1975); A. thnrifera fr. MBG #860816; This type differs slightly from Shorea 
in having more distinct ornamentation. Two species are common in the forests 
around all the lakes, but they contribute almost nothing to the pollen rain.
Diospyros comp., Ebenaceae; C3P3; prolate-semihexagonal, circular-subangular;
psilate-granular; 28-33 x 22-30; pores transverse elliptical 2-4 x 5-10, colpi 26 x 2 
pm with distinctly rounded polar termini; Academia Sinica 1982 p. 123, pis. 66-67, 
Tissot et al. 1994 p. 27, pis. 21-23; D. bejaudii fr. CMU #3172, Thailand, D. 
hermaphroditica fr. USNH 1700511, Thailand, D. nitida fr. MBG #836477, 
Philippines; Forest understory (Semi-evergreen forest); Diospyros types are variable 
in shape, ornamentation, and shape of the pore.
Unknown 2, large; C3P0(3); spheroidal-diamond, subangular-semiangular; psilate; 16- 
18 x 16-18; large longitudinal opening at equator resembles a pore in profile view, 
but direct view and polar view show an expanded colpus, with club-shaped margos 
in polar view, thicker exine at poles; - ;  no reference samples; unknown; Same as 
Unknown 2 (described above) but slightly larger.
Vatica, Dipterocarpaceae; C3P0; subprolate-suboblate, circular; coarse reticulate 
(areolate?); 15-20x 16-22; narrow colpi, not splayed in reference samples; Maury 
et al. 1975, Academia Sinica 1982 p. 122, pi. 66; V astrotricha fr. USNH 
#2494451, Cambodia, V. cinerea fr. MBG #3945591, Thailand; Dry deciduous 
forest.
Duabanga, Sonneratiaceae, C0P3; prolate, with poles protruding like blisters,
semiangular-semihexagonal; scabrate-verrucate, but poles psilate; 22-27 x 18-22;
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pores large, 3-4 pm, circular, protruding; Academia Sinica 1982 p. 355, pi. 167; no 
reference sample; Wetland/ riparian.
Amaranthaceae; C0P22-26, Spheroidal, circular; scabrate-verrucate; 13-21 diameter; 
pores (poroids?) circular ca. 3 pm, with scabrae inside; - ; Amaranthus sp.? fr. field 
(Khmer, phti), secondary/ disturbance; Note that similar Chenopodiaceae do not 
occur in the study area.
Careya, Lecythidaceae; C3P0; prolate (squarish), circular lobate; unique
ornamentation, core part of grain (syncolpi?) has vertical rows of scabrae, lobes are 
covered with large smooth reticulum; 48-55 x 43-48; (Academia Sinica 1982 has 
Barringtonia racemosa p. 187, pi. 87); C. sphaerica fr. MBG #4046711, Thailand; 
Dry deciduous forest; If you think palynology is boring, check out this character.
Premna comp., Verbenaceae; spheroidal, circular; granular-microreticulate; 16-20 x
16-20; colpi are narrow, do not show some horizontal patterning characteristic of 
Vi lex. Academia Sinica 1982 p. 392, pi. 184, P. latifolia fr. CMUPh #4774; 
Secondary/ disturbance (transitional Semi-evergreen/ Dry deciduous forest).
The remaining 94 types, listed in Table 5.5 in the text, occur at less than 0.1% of total.
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APPENDIX C (cont.)
Photomicrographs of selected pollen types
The pollen types most commonly found in the sediments are presented in the 
following plates, grouped approximately by habitat. All photographs were taken using 
the LSU Biogeography laboratory’s Nikon Optiphot compound microscope. 
Photographs were taken at 1000 X magnification, under an oil-immersion pan-achromat 
objective. The 4x6 prints, processed in the usual commercial process, were then digitally 
scanned and laid out as shown. Reference types are indicated with an “R,” types 
occurring in the sediments indicated with an “F.” The sources of reference material are 
listed in Appendix B.
Plate 1
Semi-evergreen forest and undcrstorv:
la-b. Tetrameles nudiflora. R
2a-c. Tetrameles comp., F
3a-b. Irvingia malayana. R
4. Adina comp.. F
5a-b. Adina. oblate type. F
6a-b. Lagerstroemia loudonii. R
7a-b. Lagerstroemia. F
8a-b. Hopea ferrea, R
9a-e. Hopea comp.. F
lOa-b. Shorea comp.. F
11. Dipterocarpus alatus. R
12. Diperocarpus tuberculatus. R
Plate 2
Semi-evergreen forest and undcrstorv (cont.): 
13a-b. Moraceae-Urticaceae. small diporate. F
14. Ficus. F
Myrtaceae
15. Eugenia zeylanica. R
16a-b. Myrtaceae < I4p (Eugenia comp.), F 
17a-b. Myrtaceae > I4p (Syzvgium comp.). F
Semi-evergreen forest and understory (cont.)
18. Calamus palustris. R 
19a-b. Calamus. F
Secondary/ disturbance, (Dry forest)?
20a-b. Terminalia tomentosa. R
21. Memecylon edule. R
22a-c. Combretaceae/ Melastomataceae > 15 p. F
Highland/ subtropical
23a-c. Ouercus kerrii, R 
24a-c. Ouercus comp., F
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25. Pinus c i merkusii. F
26. Lithocarpus sp.. R
27a-b. Lithocarpus-Castanopsis type. F
28. Lithocarpus' Castanopsis sim.. F
Gramineae
29a-b. Oryza sativa. R 
32. Gramineae < 33p. F
Secondary/ disturbance




33a-b. Zizyphus rugosa. R 
34a-c. Rhamnaceac-Sapindaccac type. F 
35a-c. Macaranga trichocarpa, var. Irilobulata. R 
36a-b. Macaranga. F
Wetland/ riparian
37. Cyperus sp.. R
38. Cyperaceae. F 
39a-b. Blyxa comp.. F
40a-b. Elaeocarpus petiolalus. R 
41a-b. Elaeocarpus comp.. F 
42a-b. Stenochlaena palustris. R
43. Sterculia foetida. R
44. Sterculia comp.. F
Unknown
45a-d. Unknown 6 . F 
46a-c. Unknown 2. F 
47a-b. Unknown 15. F
Plate 4
Miscellaneous 
48a-c. Palmae. type 1. F 
49a-b. Canarium comp.. F 
50. Engelhardtia. F 
5 la-c. Gluta sim., F 
52a-b. Grewia. F 
53a-b. Careya sphaerica. R 
54. Podocarpus. F
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APPENDIX C (cont.): Plate 1
© 3a 3b2a 2b 2c
*
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APPENDIX C (cont.): Plate 2
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APPENDIX C, (cont ): Plate 3
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288
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.




R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
VITA
Andrew Lee Maxwell was born May 27, 1952, in Buffalo, New York, the third 
son of Gregory W and Dorothy Barrett Maxwell. He chugged along through childhood 
in Buffalo; Cleveland, Ohio; Indianapolis, Indiana; Syracuse, New York; and St. Louis, 
Missouri. Upon finishing high school outside of Cleveland in 1970, he travelled and 
worked at various manual occupations, including automobile mechanic, cashier, 
landscaping laborer and foreman, and boilermaker welder The last occupation provided 
the means to facilitate a return to higher education in 1986, when he studied 
biogeography at San Francisco State University, receiving a bachelor of arts degree there 
in 1988, and a master of arts degree in 1992. His master’s thesis, under the direction of 
Professors Jerry Davis and Tom Parker, focused on habitat analysis for the California 
endemic tree, Torreya californica
He entered the doctoral program at Louisiana State University in the fall of 1992, 
attending on a Board of Regents fellowship. Fieldwork in Cambodia was originally 
prompted by the interests of his wife, Sara Colm, in Cambodian culture and society, and 
has since evolved into an ongoing consultancy as Chief Technical Advisor for the World 
Wide Fund for Nature (WWF), Cambodia Project. He will receive the degree of Doctor 
of Philosophy in December, 1999.
290
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Andrew Lee Maxwell
Major Field: Geography
Title of Dissertation: Holocene Environmental Change in Mainland Southeast
Asia: Pollen and Charcoal Records from Cambodia
Approved:'
Major Professor and» Chairman






O ctob er 1 8 , 1999
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
